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REMARKS 

In the Office Action dated September 2, 2004, the Examiner has entered 
Applicants' amendment of June 21, 2004, acknowledged Applicants' election with 
traverse of the claims of Group II for initial prosecution, made the restriction requirement 
/ issued on May 20, 2004, final, rejected claims 7-15, 19, and 22-24 as allegedly 

indefinite under 35 U.S.C.§112, second paragraph, and rejected claims 7-24 for alleged 
lack of enablement under 35 U.S.C.§1 12, first paragraph, and under the doctrine of 
obviousness-type double patenting. The claims are not rejected over the prior art. 

Applicants and their representative appreciated the opportunity to discuss this 
case with the Examiner on December 9, 2004, and thank the Examiner for his time. 
Applicants believe that the amendments to the claims submitted with this response 
address the pending indefiniteness and enablement rejections, and place the claims in 
condition for allowance. 

In this response, Applicants cancel claims 7-24 and add new claims 25-40 to 
more particularly define the claimed methods, and to separately claim aspects of the 
methods that were previously presented in a single claim. Support for these 
amendments is found in the original claims and throughout the specification, including at 
page 7, lines 18-21 (therapeutically effective amount); page 8, line 32 to page 9, line 1 1 
(nucleotides encoding BMP-1 1 ); page 12, line 26 to page 13, line 4 (BMP-1 1 
polypeptides in general); page 19, line 28 through page 20, line 12 (administration of 
BMP-1 1 to stem cells and neural cells); page 33, lines 10-24 (mature BMP-1 1 
polypeptides); and page 42, Table II (therapeutically effective amount). Upon entry of 
this amendment, claims 25-40 will be pending. 
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New claims 25-40 are drawn to methods of promoting survival, inducing neurite 
formation, inducing differentiation, and modulating proliferation of or from cells . The 
Examiner has stated that "neuronal cells are neuronal tissue in the absence of evidence 
to the contrary." Applicants expressly dispute this characterization of neuronal cells and 
tissues as identical. Merriam-Webster's Collegiate Dictionary, Tenth Edition, 
Springfield, MA (2001) defines tissue as "an aggregate of cells usually of a particular 
kind together with their intercellular substance that form one of the structural materials 
of a plant or an animal" (page 1233, copy enclosed). Thus, neuronal tissue includes, 
but is not identical to, neuronal cells. However, in order to speed prosecution, and 
without acquiescing to the Examiner's definition of neuronal cells and tissue, Applicants 
submit new claims 25-40 drawn to methods of administering BMP-1 1 for effects on 
cells . 

Indefiniteness Rejections under 35 U.S.C.S112. second paragraph 

The Examiner has rejected claims 7-16, 19, and 22-24 under 35 U.S.C.§112, 
second paragraph, for allegedly failing to particularly point out and distinctly claim the 
subject matter that Applicants regard as the invention. The Examiner alleges that the 
term "BMP-1 1" renders claims 7,10, 13, 16, 19, and 22 indefinite, and that claims 7-15 
and 22-24 are indefinite for allegedly failing to recite "any result, or a process for 
producing a result." Further, the Examiner states that the metes and bounds of claims 
22-24 are indefinite, alleging that "it is unclear to whom or what the compound is being 
administered." 

First, Applicants believe that one skilled in the art would appreciate the metes 
and bounds of the "BMP-1 1 polypeptides" claimed, in view of the description of BMP-1 1 
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in the specification, including the portions of application cited by the Examiner. 
Nevertheless, and without acquiescing to this rejection, Applicants amend the claims to 
define BMP-1 1 polypeptides by reference to a sequence identifier to specify the 
BMP-1 1 polypeptides within the scope of the pending claims. BMP-1 1 activity in an 
osteoinduction assay is described throughout the specification (see, e.g. page 2, lines 
20-22), and exemplary osteoinduction assays are set forth in Examples 4-6 (pages 38- 
43) and were well known in the art at the time of filing. As "BMP-1 1" is now defined by 
reference to the human BMP-1 1 nucleic acid sequence of SEQ ID NO: 10 in all claims, 
the indefiniteness rejection should be withdrawn. 

Applicants have met the Examiner's concern that claims 10-15 "lack a process 
step which clearly relates back to the claim preamble," by amending the new 
independent claims to add a step that mirrors the claim preamble. Applicants therefore 
ask that this rejection be withdrawn. 

To address the Examiner's concern that the metes and bounds of claims 22-24 
are indefinite because it is allegedly "unclear to whom or what the compound is being 
administered," Applicants note that those claims are canceled, and respectfully suggest 
that this rejection is now moot. 

In view of the foregoing, Applicants respectfully submit that the amended claims 
are not indefinite, and therefore request that these rejections be reconsidered and 
withdrawn. 

Enablement Rejections under 35 U.S.C.S112, first paragraph 

The Examiner has rejected claims 7-24 under 35 U.S.C.§1 12, first paragraph, as 
allegedly not enabled by the specification as filed. The Examiner acknowledges that the 
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specification enables a method of promoting neuronal cell survival, but alleges that the 
specification does not reasonably provide enablement for a method of modulating or 
inducing neuronal cell or tissue development, formation, growth, differentiation, 
proliferation, or maintenance. The Examiner also cites two articles, Schubert et al., 
Nature 344:868-870 (1990) (Schubert) and Jordan et al„ Eur. J. of Neuroscience 
9:1699-1710 (1999) (Jordan), to support an allegation that the skilled artisan would not 
expect that a BMP, or BMP-1 1 in particular, would successfully modulate or induce 
development, formation, growth, differentiation, proliferation, and/or maintenance of a 
neuronal cell or tissue. 

The test of enablement is whether one skilled in the art could make and use the 
claimed invention from the disclosure coupled with information known in the art without 
undue experimentation. United States v. Telectronics, Inc. 857 F.2d 778, 785 (Fed. Cir. 
1988). The test for enablement is not whether any experimentation is necessary, but 
whether, If experimentation is necessary, it is undue . In re Angstadt, 190 USPQ 214 
(CCPA 1976), emphasis added. A disclosure may set forth procedures in general 
terms, and the lack of routine production details does not make a disclosure non- 
enabling, since one of skill in the art would readily know such details. Koito Mfg. Co., 
Ltd. v. Turn-Key-Tech, LLC, 381 F.3d 1142, 1156 (Fed. Cir. 2004). 

The Examiner has the initial burden of giving reasons, supported by the record 
as a whole, why the specification is not enabling. In re Angstadt, supra. The Examiner 
has not met this burden here. Although the Examiner may have demonstrated that 
some experimentation is necessary, doing so is not enough to shift the burden to 
Applicants to prove that such experimentation is not undue. Id. The Examiner has not 
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shown that undue experimentation would be required to practice the claimed invention 
(MPEP. §2164.01) nor that a reasonable basis exists to question the enablement of the 
claimed invention (MPEP §2164.04). Even if the evidence relied on by Examiner were 
enough to shift the burden to Applicants, the evidence presented by Applicants in 
support of their position clearly outweighs the evidence on which the Examiner relies for 
his rejection. 

As described above, Applicants amend the claims to separately claim aspects of 
the previously pending claims. Applicants respectfully submit that new claims 25-40 are 
fully enabled by the specification as filed and that neither Schubert nor Jordan provides 
a reasonable basis to question the enablement of the claimed methods. 

New independent claims 25 and 26, and their dependent claims, are directed to 
methods of promoting the survival of neuronal cells. These claims are added to support 
the use of additional forms of BMP-1 1 in the methods of related U.S. Patent No. 
6,340,668. Applicants respectfully submit that these claims are enabled in view of the 
Examiner's acknowledgement that the specification is enabling for a method of 
promoting neuronal cell survival. See Office Action at p. 5, lines 18-19. See also, U.S. 
Patent No. 6,340,668, which issued with claims to methods of promoting the survival of 
neuronal cells. 

New independent claims 27 and 28 are directed to methods of inducing neurite 
formation from a neural progenitor cell in a mammal and in vitro, respectively. 
Applicants submit that the specification as filed teaches the skilled artisan how to 
practice these methods. For example, the application discloses that administration of 
BMP-1 1 induces neurite outgrowth in the PC12 model for neurotrophic factors (growth 
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factors or cytokines affecting the nervous system) (page 46, lines 1-3). Enabling 
support includes Example 9, which teaches methods of inducing neurite formation 
in vitro (pages 45, line 29 to page 46, line 3) and stimulating the production of axons 
and dendrites in mammals (page 19, lines 23-27, page 20, lines 13-30, and page 46, 
lines 4-22), for example. The specification also sets forth well known means such as 
microscopy to detect changes in neural cell morphology in response to administration of 
BMP-1 1 (see page 46, lines 2-3). Thus, the skilled artisan would have the necessary 
knowledge to make and use BMP-1 1 for inducing neurite formation, based on the 
disclosure of the specification as filed. 

New independent claims 29 and 30, directed to methods of inducing 
differentiation into a neuronal cell in a mammal and in vitro, respectively, are also 
adequately enabled. As the Examiner acknowledges, the specification discloses "that 
BMP-1 1 induces neurite formation in PC12 cells and therefore induces neuronal 
differentiation." Example 9 teaches a method of inducing differentiation of neuronal 
cells in vitro comprising administering a composition comprising BMP-1 1 (pages 45-46, 
bridge paragraph). Example 9 also discloses assays for promoting differentiation in 
animal models (page 46, lines 4-22) that were well known in the art and could be 
applied by a skilled artisan without undue experimentation. Additional guidance on 
methods for inducing differentiation of neuronal cells can be found at page 18, lines 25- 
31. Examples of in vivo methods include inducing neuronal regeneration in vivo with 
agents that affect endogenous stem cells (page 18, lines 27-28), while in vitro methods 
include cell replacement therapy with ex vivo manipulation of neural stem cells (page 
18, lines 28-29). The specification also teaches that BMP-1 1 can be used to promote 
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the differentiation of stem cells into neuronal cells and to stimulate the production of 
axons and dendrites on both neurons that have not developed neu rites, as well as 
neurons that have lost these processes (page 19, lines 23-27). These examples, 
although stated in general terms, are enabling in view of the level of knowledge of a 
skilled artisan and the specification as a whole. 

Gamer et al., Developmental Biology 208:222-232 (1999) (copy enclosed) 
provides further evidence that the claimed methods for inducing neuronal cell 
differentiation are fully enabled. Gamer shows that administration of BMP-1 1 to 
Xenopus ectodermal explants induces differentiation of neural tissue (Figure 3D), 
whereas control ectodermal explants differentiate into atypical epidermis (Figure 3C). 
Thus, Gamer shows that administering BMP-1 1 protein induces differentiation of 
progenitor cells to neural cells and tissue as demonstrated by morphological and 
histological analysis. Further, Figure 4A shows that BMP-1 1 induces expression of the 
pan-neural marker, NCAM across a wide range of BMP-1 1 dosages. These results 
demonstrate that the claimed methods of inducing neuronal cell differentiation by 
administering a purified BMP-1 1 polypeptide of claims 29 and 30 can be employed as 
set forth in the specification. 

Liu et al., Neuron 32:997-1012 (2001 ) (copy enclosed) also provides evidence 
that the skilled artisan could indeed practice the claimed methods of inducing 
differentiation of neuronal cells without undue experimentation based on the disclosure 
of this application. Liu et al. shows that administration of BMP-1 1 (called GDF-1 1 in the 
study) induces the differentiation of motor neurons in an embryonic model of neural 
patterning (Figure 6F and page 1004, second column). In light of these articles and the 
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arguments presented above, Applicants submit that the methods for inducing 
differentiation of neuronal cells of claims 29 and 30 are enabled by the specification as 
filed. 

As claims to "neuronal cell formation" have been canceled, the Examiner's 
objection that the pending claims allegedly encompass "the formation of neuronal cells 
from non-neuronal tissues, such as liver, kidney, lung, spleen, or intestine" is moot. 

New claims 31 and 32 are directed to methods of modulating proliferation of 
neuronal cells. Example 9 teaches a method of assessing the number of living cells in 
neuronal tissue culture (page 45, lines 8-27), and provides data showing that 
administration of BMP-1 1 leads to higher numbers of living cells relative to controls 
(page 45). The skilled artisan would understand from Table II that BMP-1 1 can be used 
to practice the method for increasing proliferation of neuronal tissues of claim 33. The 
assay for living cells taught in Example 9 can also be used to assess a decrease in 
proliferation. Coupled with the disclosure that administration of BMP-1 1 to cells in 
culture induces differentiation (page 45, line 35 to page 46, line 3), the skilled artisan 
would understand the practicability of the method for decreasing proliferation of 
neuronal cells of claim 34, and the full scope of the method for modulating proliferation 
of neuronal cells of claim 31 is enabled. Accordingly, Applicants submit that claims 31- 
34 are enabled by the specification as filed. 

To support the broad allegation that the skilled artisan would not expect that any 
and/or all BMPs, or BMP-1 1 in particular, to modulate or induce any and/or all neuronal 
cell/tissue development, formation, growth, differentiation, proliferation or maintenance, 
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the Examiner cites and Schubert and Jordan. The Examiner also suggests that these 
references support the premise that "the effects of BMPs are unpredictable." 

Applicants respectfully disagree with the Examiner's characterization of 
Schubert. The Examiner contends that Schubert teaches "that activin did not increase 
the survival of ciliary ganglion cells or of several glial cell lines," and therefore that 
"Schubert does not indicate that any and/or all BMPs would successfully modulate or 
induce any and/or all neuronal cell/tissue development, formation, growth, 
differentiation, proliferation, or maintenance." Applicants respectfully submit that activin 
is not the same protein as BMP-1 1 , nor is activin even a member of the bone 
morphogenic protein family. 1 On the contrary, as shown in Figure 1 of Massague, Cell 
69: 1067-70 (1992) (enclosed), activin is a member of a separate protein family, the 
inhibin/activin family. Thus, the skilled artisan would not expect the effects of BMP-1 1 
to be identical (or even similar) to those of activin. In fact, Schubert does not teach the 
effects of any BMP protein and thus, does not in any way affect the expectations of the 
skilled artisan regarding the effects of BMP-1 1 in the methods of the amended claims. 
Schubert is cited in the priority application merely for its teaching of how to carry out cell 
survival assays-not any teaching on the function of BMP-1 1 , or any other BMP. 

Applicants respectfully submit that to the extent that Schubert's study of activin A 
is at all applicable to an enablement analysis of BMP-1 1 , it supports enablement of the 

1 The priority application refers to BMP-1 1 as "Activin WC" (see specification at page 1, 
lines 22-23). The designation was changed in later applications in this series to reflect 
the classification of BMP-1 1 within the bone morphogenetic subfamily of the TGF-jff 
superfamily of cytokines (see, for example Jordan at p. 1699) Schubert refers not to 
BMP-1 1/Activin WC, but to activin, a distinct protein belonging to a distinct family of 
TGF- £-like proteins. 
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scope of the claims. Schubert shows that a protein's lack of effect in a neuronal cell 
type does not preclude a skilled artisan from understanding that the protein positively 
affects nerve cells in general. Figure 1 shows that activin A promotes survival of P19, 
B33 and retinal cells. While stating that activin A did not "increase[ ] the survival of 
ciliary ganglion cells in the standard assay, nor did [it] promote the survival of several 
glial, myoblast, or fibrolast cell lines," this peer reviewed article concludes that "[t]he 
above results show that . . . this protein [activin A] promotes nerve cell survival" (page 
870, right column). This is also clear from the title of the Schubert article, "Activin is a 
nerve cell survival factor." Thus, reading Schubert, one of skill in the art would not 
question the practicability of the use of activin to promote neural cell survival. 

Moreover, Schubert developed a new model for assaying neurotrophic factors, 
and compared this model to well known biological assays for neurotrophic factors using 
routine experimentation. As a result, the skilled artisan would know how to confirm the 
operability of the claimed methods using BMP-1 1 on various cell types with only routine 
experimentation in well known assays for neurotrophic effects, including those of 
Schubert. 

Applicants have demonstrated that BMP-1 1 affects neuronal survival, 
differentiation, and proliferation, as well as neurite formation in a well accepted model 
for neurotrophic factors. As described above, subsequent studies using BMP-1 1 in 
other assays for neurotrophic factors demonstrate its function in additional progenitor 
and neural cell types. Techniques to administer and assess the neurotropic effects, for 
example, of a novel neurologically active agent were well known, and given the 
disclosure as a whole, a skilled artisan could make and use the claimed invention 
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across it's full scope. Indeed, Schubert demonstrates a variety of readily available 
assays by which the skilled artisan could practice the invention with minimal 
experimentation. Knowing how to routinely test the claimed method in a variety of cell 
types, the skilled artisan would not question the enablement of the claimed methods 
over alleged evidence of an inoperable embodiment of a different growth factor— activin 
A. 

Applicants also respectfully disagree with the Examiner's interpretation of Jordan. 
The Examiner cites three passages in Jordan as alleged evidence that the effects of 
BMPs are unpredictable, and then concludes that the skilled artisan would not expect 
that BMP-1 1 or other BMPs would successfully modulate or induce the neuronal cells 
and/or tissues as claimed. Applicants respectfully submit that these passages do not 
meet the burden of establishing that the specification is not enabling for the scope of the 
pending claims. 

The Examiner contends that Jordan teaches that "BMPs 9 and 1 1 did not 
promote the in vitro survival of dopaminergic neurons" and that "BMP-1 1 had no effect 
on BrdU incorporation and astroglial cell maturation." For at least three reasons, 
Applicants respectfully submit that these teachings do not provide the skilled artisan 
with a reasonable basis to question enablement of the claimed methods, which are 
directed to neuronal outcomes. 

First, Applicants respectfully submit that, in fact, Jordan does not contradict 
Applicants' data showing that BMP-1 1 increases cell number relative to controls. 
Jordan shows that administration of a BMP-1 1 protein at 10 ng/ml to rat midbrain cells 
in culture for eight days increased the number of dopaminergic neurons to 
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approximately 130% of controls (See, Figure 4 at page 1702). The 30% increase 
detected was not statistically significant in Jordan's analysis, which performed three cell 
counts for two experiments (see Figure 4, legend). Jordan therefore states that "BMPs 
9 and 1 1 did not promote the in vitro survival of dopaminergic neurons," which is 
understood by the skilled artisan to mean that the effect shown in Figure 4 was not 
statistically significant. 

As amended, the pending claims recite use of a therapeutically effective amount 
of a BMP-1 1 polypeptide. Jordan only tests a single dosage (10 ng/ml) of BMP-1 1 
protein, which one skilled in the art would consider a low dose. See, Gamer at 226, 
right column, first full paragraph. The skilled artisan would understand that the range of 
concentrations tested in Gamer, for example, which is 10 ng/ml - 1000 ng/ml, is a more 
reasonable series of conditions to detect an effect of BMP-1 1 . A similar concentration 
range ( 0 ng/ml - 1000 ng/ml) is disclosed in Table II on page 42 of the specification of 
this application, for example, as a range of concentrations for comparing BMP-2 activity 
to BMP-1 1 . Further, Gamer shows that the skilled artisan could determine effective 
concentrations of BMP-1 1 with only routine experimentation. 

Second, Jordan describes the failure to observe a statistically significant positive 
effect of BMP-1 1 in their assay. One skilled in the art would understand that such 
negative results can be explained by a variety of technical considerations which may, or 
may not relate to a biological activity of BMP-1 1 . In contrast, Example 9 demonstrates 
an approximately 5-fold effect on the number of viable PC12 cells after 6 days of BMP- 
1 1 administration at 200 ng/ml. Thus, without disparaging Jordan's BMP-1 1 results, the 
skilled artisan would give more weight to the positive data disclosed in Applicants' 
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specification in assessing the ability of BMP-1 1 to function in the neuronal outcomes of 
the claimed methods. 

Third, even if Jordan proved conclusively that one or more cell types were not 
affected by administration of BMP-1 1 (which Applicants dispute as negative results in 
view of the single low dose administered), such an inoperable embodiment would not 
prevent the skilled artisan from understanding that the claimed methods are practicable. 
Example 9, Gamer, and Schubert demonstrate a variety of dosages and assays by 
which the skilled artisan could practice the claimed methods with only routine 
experimentation. As discussed above, Schubert also proves that the skilled artisan 
would still characterize a protein as "a nerve cell survival molecule" (page 868, title) 
despite a negative result with a particular biological assay. 

The Examiner also cites Jordan as alleged evidence that "not all members of the 
BMP family share effects on proliferation and differentiation of cells in the astrocyte 
lineage," and that BMPs are distinct, heterogeneous, and unpredictable with respect to 
each other. Applicants respectfully submit that alleged evidence of heterogeneity 
between different BMPs is irrelevant to enablement of Applicants' claims to methods 
involving a single BMP. Namely, any unpredictability between different BMPs would not 
cause the skilled artisan to regard the effects of a single BMP family member, such as 
BMP-1 1, as internally unpredictable. In fact, Jordan adopts this understanding. The 
assays disclosed in Jordan assess the effect of a recombinant human BMP-1 1 in 
assays involving murine osteoblast-like cells (W-20) and rat neural cells and tissues, for 
example. Similarly, Schubert's data relating to activin A include cross-species 
experiments. 
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In view of the foregoing remarks, Applicants respectfully submit that the claims 
as presented are fully enabled by the specification and request that the enablement 
rejections be withdrawn. 

Obviousness-type Double Patenting Rejection 

The Examiner rejects claims 7-24 under the doctrine of obviousness-type double 
patenting, in view of U.S. Patent No. 6340668 and, if necessary, in view of U.S. Patent 
No. 5,700,91 1 (Wozney). The Examiner alleges that the intended uses of the pending 
claims do not patentably distinguish the present claims from those of U.S. Patent No. 
6,340,668, which claims in vitro and in vivo methods of promoting the survival of 
neuronal cells with a BMP-1 1 protein comprising the amino acid sequence of SEQ ID 
NO: 2 or SEQ ID NO: 11. 

Applicants respectfully traverse this rejection as it relates to the amended claims, 
but, at this time, request that this rejection be held in abeyance until allowable subject 
matter is indicated. At that time, Applicants will consider whether or not to file a 
Terminal Disclaimer. 

Conclusion 

In view of the foregoing amendments and remarks, Applicants respectfully submit 
that the claimed invention, as amended, is fully set forth and enabled by the 
specification. Applicants therefore request withdrawal of these rejections and timely 
allowance of the pending claims. 

Applicants believe that any extension of time required to enter this Reply is 
accounted for in the accompanying Petition for Extension of Time. However, in the 
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event of an error, please grant any extensions of time necessary and charge any 
additional required fees to deposit account 06-0916. 



Attachments: 

• Copy of Merriam-Webster's Collegiate Dictionary, Tenth Edition (2001 ), 
p.1233 

• Gamer et al., Developmental Biology 208:222-232 (1 999) 

• Liu et al., Neuron 32:997-1012 (2001) 

• Massague, Cell 69: 1067-70 (1992) 



Respectfully submitted, 



FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 



Dated: January 3, 2005 




Leslie A. McDonell 
Registration No. 34,872 
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mr'$} Xif r v * spangle — more at STENCIL] (1538) 1 : a thread, strip, or 
Mt\ of metal, paper, or plastic used to produce a glittering and spar- 
J|«iK appearance in fabrics, .yarns, or decorations 2 :. something su- 
m I 'Cially attractive or glamorous but of little real worth <disfigured 
WM gaudy ^ of rhetoric or declamation —Thomas Jefferson) 
fQjM ddj.ilSlS) 1: : made of or covered with tinseP 2 a' : cheaply 
^ijslv : tawdry b : specious <~ promises) ) 
tek'l vr rJn.seled or, tin-selled; tm.seMng or tin-sel-ling \'tin(t)- 
mWr ) a/so 'tin-za-lioX (1594) l,:;to interweave, overlay, or adorn with 
TB.^Mf with tinsel 2 : to impart a specious brightness to 
Pfefl*»;iy \'tin(t)-s(a-)le also 'tin-za-leV adj (181 1).: tinsel : 




ps,. ■!/,-,-_, „ - — * «^:dyeing 1 ;fr.i&wer« 

^Utige] (1717) la : aiusu. slight or pale coloration : hue :;b : any of 
mous lighter or darker shades of a color . : TINGE' t; 2 : aivariatioh of a 
Mui produced by. adding white to it and characterized by a low satura- 
pi. with relatively high lightness 3 : a usu. slight modifying quality or 
^ructenstic : touch , 4 : a. shaded effect in engraving produced by 
mM l\ ar ^ el lmes close togetherr S : *a panel of light color serving as 
Jgkground)^6 :,dye forthehair — tint-er n ; 'r 

(1791) : to impart or apply a tint to : color . ; . V -i . .. 
yng n (cal' J 1841 ; ) *<i 1 : the act. or- process of one that tints 2 : the eri- 
^ycd • or- colored- tint .produced-, by -tinting. « ' .^ ti 
fe'iS^ 11 - \i ti n-t^- , na-by»- 1 ler-e\ adj • [L tintinnabulum^bcm 

W* 7 ) : -of, relating to, or characterized by bells or their sounds:* ; .' 
Win .nab.u-la.tion Uin-ta-.na-byi-'la-shsnX n [L \tintinnabiilum bell, 
mntinnare to nng.^jingle, fr. rinmre] (1831), 1 : the ringing or sound- 
BTorbellsr2 : a jingling or.tinkling sound as if of bells <- <> 
M^lcss Vtint-bs\ adj (1789) arc/imc : having no tints : lacking color 
@ype.\- l tip\*(1864) : FERROTYPE 1 -.r*-: 
i 5 wtu-e- : Vtin- 1 war,:- l wer\ /j (1758) : articles and esp. utensils made' of 
K ,ttte - ' ' - i t '. -, j-,v- 

»^ork^;w 3 rk\ n (ca. 1934);: work in tin ' * - . - 

mVh-ne\:adj ti-ni^r; -est [alter, of ME tine) (1598) : very small- or 
Wilnutiye : minute - syn see small -^ ti.ni.ly Vti-n'l-e\ adv—.ti.n*. 
I?** \Hi-ne-nasVn ,...'>;. ■•«.. v - . ;^ 

jjl'tipVvft tipped; tip-ping [ME] vt (14c) 1 : overturn, upset,^ 
Mused-witii;<wfir :2 a,: cant,telt b : to raise and tilt forward in sa- 
WmtiPP e <* hisihat) vial : to :become tipped : TOPPLE 2 : lean 
^ 1,16 ^^es 1 : to register weight <jtips the scales at 285 
»llds)^2 5 to. shift the balance; of power or influence XtippedHhe 
m favor of a declaration of war — S. R Bemis)-; ir t * ; r y 
-9 6 Z?. ? l \ the act or an instance of tipping : TILT' 2 chiefly ' Brit '". a 
'pr depositing something (as rubbish) by dumping ^> J - A. 
M( i'PPSi ^pP^S JME ripp^having a -tip/ fr.- 4 ft>];(14c) l a :' to 
pjsh withjamp b :(1) : to covenor adorn the.tip of (2) : to blend 
^J or ; , ?F/°y edrappearante brushing the' tips of. the hair with 
K?J*to>rfBxl(an insert) in a book — >oftenaised with in 3 : to re- 
^cJthe.ends of raspberries) :>{•... i/,.^ . - , ; ri.-.., : - 
MjIME; akin to MHGzip/tip, OE r«/^a tap — more at tap] (15c) ::1 
^uiiisu: pointed end of something.) 2 : a small'piece or part serving as 
hi *d, icapi^or point —' tipped n'tipt\ adj ^ .on the tip of one's 
, e cl : about to be uttered <it was on the tip of my tongue to tell 
IJMactlyJwhat I thought) s2 : just eliidihg recall : ;c . «- ; 

^1?^ ti ¥ e S /ak ! n to yfJMf" to ta Pl < 15c > : a - M 8ht touch or blow 
>^t pped; tip-ping vr (1567) 1 :*o strike lightly : tap :2 : to give (a. 
^hall). a glancing blow>w vi : tiptoe "? ■*: v. » ^ . ...... 

jN jorigin unknown] (1567) 1 : a piece of advice or expert or author- 
Hvcjnformation:r2.:. a piece of advance: or confidential information 
by one thought to have access to special or inside sources .-i u >, 
lipped; tip- ping ; (1883) ^' 1 <. :,to impart.a piece of information or 
®cc about or to — often used with off. 2 chiefly Brit : to mention as 
n«ly candidate ? prospective winner, oriprofitable investment : tout 
^llp one s hand [ also tip one's mitt • to declare one's intentions or 
m -one sjopinions on resources <the Justice Department . wouldn't 
fi /ipnrf by saying what its next move v :- t wouldibe Newsweek) . . 
^tipped;: tip?ping [perh; fr.^]^ (ca.: 1610).: r ... GrvE; present 
u give a gratuity to ^ vi : to bestow a gratuity 
^':f!7 55 )- : a gift'or:a suni "of money tendered for ><a service per- 
jocd or anticipated*: GRATUrrY^ni^ \ ' » /, 1U , { r t 
Jwrt \'tipH,kart\ n (ca. 1877) : a cart whose body, can be tipped on the 
|ff«c to empty/its contents v.iv> -?a ; C ) . ; , - ;n ^:*f/ v^, ^; 
||pt VikatVn [«/i>]; (1676) :ia game:in which one player using a bat 
l^ "^?^ tapered wooden peg and as it flies up strikes it again to 
mV as far as possible while fielders try to recover it; also :• the peR 
Rtiln'this.gameftni) h . , liv^aUAr-. f vn .a .. -'.'V^' ifq- 

8jMc'(i)peV^ar o/>tepee, w : - . % .i . ^..'^^ ^/ 

^fn A'tip-.inX «;[ 6 n>] (1948) :ja goal in basketball made by deflecting a 
lg*jtind into the basket iwith the fingertips - r : « ; ; 4, • 
Vt r ^p-' of ^ " [• ft i ? l-0901) i 'l : warning, tip 2 : a telltale sign a 
tip] (1922) : the act or an instance of putting the ball in plav 
)<iSketball by a jump ball : ; . ;; : - •. , ; -, r i% ~ t *. . 
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tiP'Py\Hi-pe\a^'/tip-pi'er; -est (1886) :.liable to tip <a ~ boat) { * ^ j 

ttp.staff Vti^staA n;.p/-tip.staves V.stavz, -.stavzV [obs. tipstaff staff 
tipped with, metal] (1535) : an officer (as a constable of bailifO' who 
bears a staff . : v ^ v: 

tip-ster \?tip-stsr\ n (1862) - one who gives or.sells tips esp: for gamblini 
or speculation x \. \r - -r. 

tip.sy Vtip-se\ arfy rip.si-er; -est Vtip + -jy (ds in frzcAsy)] (1577) M'-iun* 
steady, staggenng; or foolish from; the- effects of liquor.: FUDDLED' v2 
• : unsteady- askew <a — angle) — tip^si.ly \-sa-Ie\ adv tip si-ness 
\-se-nas\ n ■ • .. .^ri.'..':>c ; ? « .vv>r««-u 

1 dp.toe r \-tip-.t6, > - I tp\ -n (14c) .: •: the position: of being balanced- on^the 
balls of the feet and toes with the heels raised — usu: used with on; also 
: i M, c ^ n 7 s of the toes 7~ on ti P toe : Alert, aroused <the contest of 
skill that puts one on tiptoe to win —Deerfield (Wise.) Independentl y 

Jtiptoearfv(1592) : on or as if on tipt6e ^ * - ; . ^ ;-,:»/ 

tiptoe ^(1593) 1 : standing or walking on or as if oh tiptoe- 2 Pcau- 

TIOUS, STEALTHY . MO . ? < ' , '%'S*> 

^ptoe v/ tiptoed; tip.toe.ihg (ca. 1661 V' 1 : to stand or "raise bheself on 
tiptoe 2 :.to walk or proceed quietly or cautiously on of as if on tiptoe 
tip-top .Vtip-nSp; -,tap\ n [ 4 tip + top] (1702) i the highest point '^^'^ 

'tip-top (1722) : excellent,- first-rate <^ working conditions) 

Hip-top adv (1882) : very, well • 

ti-rade \UWrad;a^ r ti^'\ « [F; shot, tirade; trV ME, : fr. bit tiraia^tiiare 
to draw, shoot] (1802) : a protracted speech usu: marked by interripef- 
ate, vituperative, of harshly censorious language ^Vvt ?o'v.v-:*<^. 'i> 

r^.a.nii.su'\ 1 tif : ^ , me< I )s^ 

lit.,. pull me^pl] (1982) : a dessert made, with ladyfirigefs, mascarpohe 
chocolate, and espresso' ■ s ' r " ' - .;.••<• --v.-^-- ^^.--.^-....^jj 

^ Vtir\\v6 ? tired; tir-ihg [ME ryr«w/ fr. Ofctidrianftprian)^ (befXf2c) 
: to become, weary ^ vt 1 : to exhaust or greatly decrease the physical 
. strength of : ; fatigue , 2 : to wear but the patience of V bore ' '■ >: Xi} 'f. ■ 
syn TlRE;:j^Y;.FATio^,;Eia^Ust,'jADB^FAO mean to^maice or'be- J . 
come unable or unwilling.to continue.. tire implies a draining of one's 
. strength or patience .<the; long ride ^hre# us out), weary stresses tiring 
until one is unable to endure mbre'of the^same iWhg^wc^^ 
constant arguing), fatigue suggests causing great' lassitude, through 
: excessive strain or undue effort fatigued by the day's chofesX ' ex- 
HAUSTimphes complete draiiiingof strength by nard'exeftion <snov-* 
ehng the^wet, heavy snow.exkausted hihi):^ADE suggests : the : losVof all 
freshness and eagerness <appetitesjw^ by'6verihdulgence)f fag im- 
, phes a drooping with ..fatigue <shoppers.aU/aggerf out ,by. the" Christ- 
mas rush)*. '■ ~ " ...«.». ^ ,^ ^it^-^^,^. t***.**-' • 



han-).with an ornament . .ir,i. *--.^ . , : .. ^- j ^j. 
^^^>^j;iME r P?pb^ 

.the tread .--of a wheel 2 : a rubber cushion that fits around a* wheel, (as 
of an automobile) and usu. contains compressed air . ;r .' V ' 
tired VtlrdY aaj (15c) 1 : drained of strength- ind energy : fatigued of- 
ten to the point of exhaustion ^ 2 ; : obviously .wora;by hard use > : ~. run= 
down : 3 : TRrTE, ; HACKNEYED „^ tir^.Iy, arfv ,4- tii^-ness 
tire.less \!tlr-las\ adj (1591) :. seemingly mcapablei'of tiring ': indefati- 
gable — tire4ess.lyadv.T- tire.less.ness' n'S fi - v " ^ m ; ^; - 
^re.si.as^Ui-'re-se-as, -ze-\ «; [L), r frj Gk c7e/reyioi] .: fa, blirid seef-of 
Thebes who .in one Greek<myth c iSjChanged into a^ woman, for^ several 
years and then changed back to a man t t-. *>- ^'^"-«. « 




sion (as of dried herbs) r used as a beverage for for medicinal ^effects *5ii ; 
V - "SteS A ^ VtHsh^.bav, - t boy\ >i ; [Heb tish'dh^bi ^^nihth ;ih* ^Ab] 



(ca. 1902) :.'a- Jewish holiday ^ observed Nvith fasting on the 9th of Ab 
com""* — . : — .-i. .i. . » 

Tishi 



Ab] 




. . .__.it tissue paper used;esp: as a hahd- 

^^„f£_ , ^/°^ r 5 mo X ins cosmetics ;.;3Van'-aggregat^ 




I to^sleeye. cap; or hood ^2:.a shoulder cape of fur or cloth of- 
\\\v hanging i ends , 3 : a long: black: scarf .Worn over the robe by 
|4!jcftn clergymen during morning and evening prayer r v S\ T 
i£i , U "P 3l \ ^ tip-pled; tip.pung \-p(a-)lio\ [back-formation fr. 
W'pler barkeeper] vi, (1560).:. to drink liquor esp;.by habitor to ex- 
y*' vt '. to drink (liquor) esp. continuously in small amounts — tip- 
|9mp(--)Iar\.fi'jia; ' < ». j-lsi. .u ;-y j-. ..r*. « ■ 

*Tin (1581);: drink l; 2 = v : ; r /• : : , ... ; 

m&* IE dial.-n>/?/e to tip over, freq;;of E l tipl (1880) 1 :> a place 
M^ or an, : a PParatus;byi which cars (as for coal) are loaded or emp- 
mp2 : a coal-screening plant- - .. r . 



tissueculture W (1912) ^ the ^prbcess or! technique' 'of making'boBy tissue 
8fow f m;a culture medium outside- the organism; aJ^o Va culture" of tis- 
sue (as epithelium): :' ; 1 .;w : a ..v- .a- — • ^^ii^ 
tissue fluid njl 900)': a fluid "that permeates the sp ace s r between indi^id"- 
ual cells; that is in osmotic contact with; the blood and lymph'/and thaf 
seryes in interstitial transport of nutrients and waste- - ^u-^i 
tissue paper ;>i ( 1 777) : a /thin f gau^I J papef 
.something (as ..by, covering or wrapping)' 1 L - ■'; "• ■ _ 
tissue plasminogen activator n (1981 )' T a clot-dissolving Enzyme with 
an-affmity for. fibrin'that is produced "naturally in blood vessel linings 
and is used in a genetically engineered form to prevent damage t6 heart 
muscle following ajeart attack. — abbr.;77J4 1 ,J ^ ,J** ; w t 

\_\ abut V\ kitten, F table; \_r\ fiirther Aa\ ash^\a\ ace^\a\ mop' mar 
\au\ put . \ch\ chin* \e\ b_t : ;\_\easy.;\g\ go t c \i\ hit '\i\ ice .^vjob 
\n\ sing \6\ go A6\ law , \6i\ boy -\th\ thin \\_hVtne/ \u\ loot -:\u\ foot 1 
\y\ yet \zh\ vision \a, fc, n , ce, oe, lie, u.,;r\ see Guide to Pronunciation 
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A Novel BMP Expressed in Developing Mouse 
Limb, Spinal Cord, and Tail Bud Is a Potent 
Mesoderm Inducer in Xenopus Embryos 
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Gary Hattersley, Rod Hewick, and Vicki Rosen 
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The bone morphogenetic proteins (BMPs) play critical roles in patterning the early embryo and in the development of many 
organs and tissues. We have identified a new member of this multifunctional gene family, BMP-11, which is most closely 
related to GDF-8/myostatin. During mouse embryogenesis, BMP-11 is first detected at 9.5 dpc in the tail bud with 
expression becoming stronger as development proceeds. At 10.0 dpc, BMP-11 is expressed in the distal and posterior region 
of the limb bud and later localizes to the mesenchyme between the skeletal elements. BMP-11 is also expressed in the 
developing nervous system, in the dorsal root ganglia, and dorsal lateral region of the spinal cord. To assess the biological 
activity of BMP-11, we tested the protein in the Xenopus ectodermal explant (animal cap) assay. BMP-11 induced axial 
mesodermal tissue (muscle and notochord) in a dose-dependent fashion. At higher concentrations, BMP-11 also induced 
neural tissue. Interestingly, the activin antagonist, follistatin, but not noggin, an antagonist of BMPs 2 and 4, inhibited 
BMP-1 1 activity on animal caps. Our data suggest that in Xenopus embryos, BMP-1 1 acts more like activin, inducing dorsal 
mesoderm and neural tissue, and less like other family members such as BMPs 2, 4, and 7, which are ventralizing and 
anti-neuralizing signals. Taken together, these data suggest that during vertebrate embryogenesis, BMP-11 plays a unique 
role in patterning both mesodermal and neural tissues. © 1999 Academic Press 
Key Words: BMP; tailbud; limb; spinal cord; Xenopus; follistatin. 



INTRODUCTION 

Bone morphogenetic proteins (BMPs) were originally dis- 
covered based on their ability to induce cartilage and bone 
formation at ectopic sites in animals (Wozney et al, 1988). 
As members of the TGF-/3 superfamily, we know today that 
BMPs function not only in the skeleton, but also in pattern- 
ing the early embryo and in the development and differen- 
tiation of many organs and tissues. BMPs induce a wide 
variety of biological responses, including cell proliferation, 
apoptosis, differentiation, and morphogenesis by signaling 
through serine-threonine kinase receptors and intracellular 
effectors known as Smads (reviewed in Hogan, 1996; Whit- 
man, 1998). 

Much of our knowledge of the biology of BMP/TGF-/3 
factors comes from analysis of early developmental events 
in Xenopus. For example, in the gastrulating Xenopus 

1 To whom correspondence and reprint requests should be ad- 
dressed. Fax: (617) 498-8875. E-mail: lgamer@genetics.com. 



embryo, different classes of TGF-/3 superfamily ligands are 
believed to be involved in patterning of both dorsal and 
ventral mesoderm. Factors such as activin, Vg-1, and the 
Xenopus nodal-related molecules (Xnrs), have been shown 
to induce dorsal types of mesoderm such as muscle and 
notochord (reviewed in Slack, 1994; Harland and Gerhart, 
1997). In contrast, BMPs 2, 4, and 7 induce ventral types of 
mesoderm such as blood (reviewed in Graff, 1997). These 
BMPs also play a role in patterning ectodermal cells by 
promoting epidermal differentiation and preventing the 
formation of neural tissue (Wilson and Hemmati-Brivanlou, 
1995). During gastrulation, the dorsal lip or Spemann's 
organizer of the Xenopus embryo provides the critical 
patterning information described above, to the adjacent 
mesoderm and overlying ectoderm (reviewed in Harland 
and Gerhart, 1997; Sasai and DeRobertis, 1997). The activi- 
ties of the organizer are mediated by a group of secreted 
molecules that include noggin, chordin, and follistatin, 
which appear to function as TGF-/3/BMP antagonists, 
blocking ventralizing signals in order to specify dorsal 
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mesoderm and neural tissue (reviewed in Thomsen, 1997). 
Biochemical studies have shown that noggin and chordin 
act by binding to BMPs 2 and 4, preventing them from 
interacting with their receptors (Zimmerman et al, 1996; 
Piccolo et al., 1996). Follistatin is a potent inhibitor of 
activin and blocks its signaling by physically sequestering 
the protein (Nakamura et al, 1990). It has recently been 
shown that follistatin can also block the activity of BMPs 2, 
4, and 7 by forming a trimeric complex with BMP and its 
receptor (Iemura et al, 1998). These data suggest that 
during early developmental events, there is not only active 
patterning by factors like BMPs but also selective inactiva- 
tion of their signaling pathways by secreted antagonists. 

In a search for novel BMP/TGF-j3-like molecules, we 
isolated BMP- 11 by a low stringency screen using a BMP-7 
probe. BMP- 11 is a novel member of the BMP/TGF-j3 
superfamily and is most closely related to GDF-8/ 
myostatin, a negative regulator of muscle growth (McPher- 
ron et al., 1997). In order to determine the function of 
BMP-11, we characterized its expression pattern during 
mouse embryogenesis and analyzed BMP- 1 1 protein activ- 
ity in Xenopus embryos. Our data suggest a role for BMP-1 1 
in mesodermal and neural patterning in the vertebrate 
embryo. 

MATERIALS AND METHODS 

Isolation of BMP-11. In order to search for novel BMP-like 
molecules, a probe containing the cysteine-rich mature region 
(nucleotides 1081-1392) of human BMP-7 was used to screen a 
bovine genomic library under reduced stringency conditions (final 
wash 4X SSC/0.1% SDS at 60°C). Positives from this screen were 
rescreened with a mixed probe corresponding to the mature regions 
of human BMPs 5, 6, and 7 under high stringency conditions (final 
wash 0.2X SSC/0.1% SDS at 65°C). Clones which hybridized to the 
hBMP7 probe under reduced stringency conditions but not to the 
hBMP 5, 6, 7 probe mix at high stringency were further character- 
ized. One of these clones, 7r-30, contained a novel bovine BMP- 
related sequence designated BMP-11. This bovine BMP-related 
sequence was used to design oligonucleotides, which were used to 
PCR a human BMP-1 7-specific sequence from a human genomic 
library (Stratagene, Inc.). The human BMP-11 sequence was then 
used as a probe to screen human fetal cDNA and human genomic 
libraries to derive the full-length sequence of human BMP-11. The 
mature region of human BMP-11 was then used to screen a mouse 
genomic library (Stratagene, Inc.) to generate full-length clones and 
sequence for mouse BMP-11. The nucleotide sequences of human 
BMP-11 and mouse BMP-11 have been deposited in the GenBank 
Sequence database. 

Whole mount in situ hybridization. Whole mount in situ 
hybridization was performed as described (Hogan et al, 1994) with 
minor modifications (Herbert Neuhaus, personal communication). 
The mouse BMP-11 probe was a 261 -bp fragment derived from the 
5' end of the propeptide region of a BMP-11 cDNA. Following 
subcloning into pGEM-3, sense and antisense digoxygenin-labeled 
riboprobes were produced using SP6 and T7 RNA polymerase. 

Whole mount-stained embryos were processed, embedded in 
paraffin, sectioned at 10 /urn, and counterstained with eosin as 
described (Hogan et al., 1994). 



Embryological methods. Xenopus eggs were fertilized in vitro, 
and embryos were reared by standard methods (Kay and Peng, 
1991). Staging was according to Nieuwkoop and Faber (1967). 
Animal cap ectoderm was isolated from stage 8-9 blastulae and 
cultured in 0.5 x MMR and 0.5% bovine serum albumin with or 
without protein factors until the late gastrula stage. The explants 
were then transferred to 0.75 X NAM for long-term culture. Recom- 
binant human BMP-1 1, mouse noggin, and human activin A were 
expressed and produced as previously described (Heine et al, 1987; 
Schlunegger et al, 1992). Recombinant human FGF-2 was pur- 
chased from R&D Systems. Recombinant human follistatin was 
provided by the NIDDK's National Hormone and Pituitary Pro- 
gram and the NICHD. For histology, animal caps were fixed in 
Bouin's solution, cleared by 70% ethanol washes, and embedded in 
paraffin. Explants were serially sectioned at 8 /xm and stained with 
hematoxylin and eosin. 

Analysis of RNA by RT-PCR. RNA extraction and RT-PCR 
analyses were performed as described (Wilson and Melton, 1994) 
with minor modifications (Amanda Frisch, personal communica- 
tion). The PCR conditions and sequences of the primers for analysis 
of Xbra, muscle actin, NCAM, Hox B9, EF-1 a, otx 2, Xtwist, and 
Mix.l have been previously described (Hemmati-Brivanlou and 
Melton, 1994; Wilson and Melton, 1994; Blitz and Cho, 1995; 
Hopwood et al, 1989; Rosa, 1989). 



RESULTS 

Cloning of BMP-11 

A probe containing the mature region of human BMP- 7 
was used to screen a bovine genomic library in order to 
isolate new BMP-like molecules. Several novel TGF-j3/ 
BMP-related sequences were isolated and one was desig- 
nated BMP-11. This bovine BMP-11 sequence was then 
used to isolate the human BMP-11 gene, and mature region 
sequences from human BMP-11 were used to clone mouse 
BMP-11 (a detailed description of the isolation and charac- 
terization of human and mouse BMP-11 will be described 
elsewhere). The predicted human BMP-1 1 protein contains 
407 amino acids and displays all the features characteristic 
of BMP family members including a signal sequence for 
secretion, an RXXR proteolytic processing site, and a car- 
boxyl terminal region containing the highly conserved 
pattern of cysteine residues (Fig. 1A). In the C-terminal 
domain, BMP-1 1 is more similar to TGF-0 and inhibin-/3, as 
it contains nine cysteine residues rather than the seven 
more commonly seen in BMP proteins. Human and mouse 
BMP-11 share 99.5% identity over the entire amino acid 
sequence (data not shown). BMP-11 appears to be most 
closely related to GDF-8/myostatin, snaring 90% amino 
acid identity within the carboxyl terminal domain (Fig. IB). 
Although BMP-11 is more structurally similar to the in- 
hibin class of TGF-/3-related proteins because of its cysteine 
pattern, it shares equal sequence identity (38-42%) in the 
mature region to BMP-2 and -4 as it does to inhibin /3a, j3b, 
and 0c (Fig. IB). 
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A 

MVLAAPLLLGFLLLALELR PRGEAAEGPAAAAAAAAAAAAAGVGGERS SR 50 

PAPSVAPEPrX3CPV(^/WRQHSRELRLESIKSQILSKIJlLKEAPNISREVV 100 

KQLLPKAPPLQQILDLHDFQGDALQPEDFLEEDEYHATTETVISMAQETD 150 

PAVQTIX3S PLCCHFHFSPKVMFTKVLKAQLW\^ ILRL 200 

KPLTGEGTAGGGGGGRRHIRIRSLK I ELHSRSGHWQS I DFKQVLHSWFRQ 250 

PQSNWGIEMAFDPSGTDLAOTSLGPGA^ 300 

GLIXrDEHSSESRCCRYPLTVDFEAFGWDWIIAPKRYKANYCSGQCEYMFM 350 

QKYPHTHLVQQANPRGSAGPCCTPTKMS PINMLYFNDKQQI I YGKI PGMV 400 
VDRCGCS 407 

B 



* ** * * 

BMP - 1 1 CDEHSSESRCCRYPLTVDFEAFGW-DWIIAPKRYKANYCSGQCEYMF 

ODF - 8 CDEHSTESRCCRYPLTVDFEAFGW-DWIIAPKRYKANYCSGECEFVF 

BMP - 2 CKRHPLYVDFSDVGWNDWIVAPPGYHAFYCHGECPFPLA- - 

BMP - 4 CRRHSLYVDFSDVGWNDWIVAPPGYQAFYCHGDCPFPLA- - 

Inh-PA - - C DGKVN I C CKKQFFVS FKD I GWNDW 1 1 APSG Y HANY C EGEC PSH I AGT 

Inh - pB - - CDGRTNLCCRQQFF I DFRL I GWNDW I IAPTGYYGNYCEGSCPAYLAGV 

Inh-pC - -CQGGSRMCCRQEFFVDFREIGWHDWI IQPEGYAMNFC IGQCPLH IAGM 

BMP - 1 1 — MQKYPHTHL VQQANPRGSAGPCCTPTKMS PINMLYFNDKQQI I 

ODP - 8 — LQKYPHTHL VHQANPRGSAGPCCTPTKMSPINMLYFNGKEQI I 

BMP - 2 DHLNSTNHA I VQTL - - VNS VN - SKI PKACC VPTELS A I SML Y DLENEKW 

BMP - 4 DHLNSTNHA I VQTL — VNSVN-SS IPKACCVPTELSAISMLYLDEYDKW 

Inh-PA SGSSLSFHSTVINHYRMRGHSPFANLKSCCVPTKLRPMSMLYYDDGQNI I 

Inh-PB PGS ASS FH TAWNQ YRMRGLNP - GTVNSCC I PTKLS TMSML YFDDE Y N I V 

Inh-fJC PGIAASFHTAVLNLLKANTAAGTTGGGSCCVPTARRPLSLLYYDRDSNIV 

* ★ 

BMP- 1 1 YGKI PGMWDRCGCS 

ODP - 8 YGK I P AMWDRCGC S 

BMP - 2 LKNYQDMWEGCGCR 

B M P - 4 LKNYQEMWEGCGCR 

Inh-pA KKDIQNMIVEECGCS 

Inh-pB KRDVPNMIVEECGCA 

Inh-Pc KTD I PDMWEACGC S 



FIG. 1. Sequence of human BMP- 11 and its relationship to other members of the TGF-/3/BMP superfamiiy. (A) Predicted amino acid 
sequence of human BMP-1 1. The putative proteolytic cleavage site is underlined. The accession number for human BMP-1 1 is AF100907. 
(B) Sequence alignment of the carboxyl- terminal region of human BMP- 11, mouse GDF-8, human BMP-2, human BMP-4, human inhibin 
j3A, human inhibin j3B, and human inhibin /3C. Gaps introduced to optimize the alignment are represented by dashes. The conserved 
cysteine residues are marked by asterisks. 



BMP- 11 Expression during Mouse Embryogenesis 

In order to analyze the spatial expression pattern of 
BMP-1 1, we performed whole mount in situ hybridization 
on mouse embryos from 8.5 to 12.5 days postcoitum (dpc) 
and found BMP- 11 transcripts in three main regions: tail 
bud, limb, and dorsal neural tissue. BMP- 11 was first 
detected at low levels at 9.0-9.5 dpc in the tip of the tail 



(Fig. 2 A and data not shown). This structure, known as the 
tail bud, serves as a continuing source of new mesoderm in 
the postgastrulation embryo (Schoenwolf, 1977; Tarn and 
Beddington, 1987). At 10.0 dpc, expression of BMP-1 1 
dramatically increases in the tailbud (Fig. 2B). A strong 
signal continues to be detected in the caudal-most region of 
the tail until 12.5 dpc (Figs. 2C, 2D, and 2H). Analysis of 
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FIG. 2. Whole mount in situ hybridization of BMP-1 1 expression during mouse embryogenesis. Lateral views of embryos from 9.5 to 1 2.5 
dpc. (A) At 9.5 dpc, weak BMP-1 1 expression is seen in the tip of the tail (arrow). (B)-At 9.75-10.0 dpc, BMP-11 expression increases in the 
tailbud (arrow) and begins to be detected in the developing forelimb bud. (C) At 10.5 dpc, BMP-11 transcripts are seen in the neural tube 
and newly differentiated dorsal root ganglia (arrowheads). In the forelimb, BMP-11 localizes to the distal and posterior mesenchyme. Strong 
BMP-11 expression continues in the tailbud. (D) At 11.0 dpc, BMP-11 expression intensifies in the tailbud, distal limbs, and dorsal root 
ganglia. (E) At 1 1.5 dpc, BMP-11 expression persists in the spinal ganglia, appearing more intense posteriorly, and transcripts in the limbs 
begin to localize to the mesenchyme surrounding the precartilaginous condensations. (F) High power view of the forelimb at 11.0 dpc 
showing intense BMP-11 expression in the distal and posterior regions. No BMP-11 transcripts are detected in the apical ectodermal ridge. 
(G) High power view of the forelimb at 1 1.5 dpc showing BMP-1 1 expression outlining the newly forming skeletal elements. (H) At 12.5 
dpc, BMP-11 expression is still seen in the spinal ganglia and the caudal most region of the tail. The expression of BMP-11 in the limb 
mesenchyme more clearly outlines the forming bones and digits. The apparent signal in the brain, eye, and whisker follicles in whole 
1 1.5-12.5 dpc embryos is due to background associated with older embryos and is seen in the sense strand controls. (I) Transverse section 
through the tailbud region of 1 1 .0 dpc embryo whole mount in situ hybridized with BMP-1 1. Expression is restricted to the neural tube and 
lateral mesenchyme. (J) Transverse section at a level near the forelimb of an 1 1 .5 dpc embryo whole mount in situ hybridized with BMP-1 1. 
Specific expression is seen in the dorsal lateral region of the developing spinal cord and the dorsal root ganglia. Abbreviations: drg, dorsal 
root ganglia; fp, floor plate; hg, hindgut; me, mesenchyme; mn, motor neuron; no, notochord; nt, neural tube. 
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sections through the tail of whole mount-stained embryos 
at 11.0 dpc reveals specific expression of BMP- 11 in the 
neuroepithelium and closing neural tube as well as in cells 
of the dorsal-lateral mesenchyme (Fig. 21). 

The second major area of BMP- 11 expression is in the 
limbs where expression is initially detected at 10.0 dpc in 
the distal portion of the forelimb, with the strongest stain- 
ing in the posterior mesenchyme (Figs. 2B and 2C). From 
10.5 to 1 1.0 dpc, BMP-11 continues to be expressed at high 
levels in the distal part of the fore and hind limb, with no 
signal detected in the apical ectodermal ridge (Figs. 2C, 2D, 
and 2F). At 11.5 dpc, BMP-11 expression in the limb 
mesenchyme begins to outline the precartilaginous conden- 
sations, which later differentiate to form bone (Figs. 2E and 
2G). BMP-11 continues to be detected in the mesenchyme 
between the skeletal elements and is also seen at the digit 
tips at 12.5 dpc (Fig. 2H). 

The third major area of BMP-11 expression is in the 
developing nervous system. At 10.5 dpc, BMP-11 tran- 
scripts are detected in the neural tube and the newly 
forming dorsal root ganglia, which are just beginning to 
differentiate (Fig. 2C). From 11.0 to 12.5 dpc, BMP-11 
expression is clearly seen in all the dorsal root ganglia, with 
higher transcript levels detected in the more caudal or 
newly differentiated spinal primordia (Figs. 2D, 2E, and 2H). 
Analysis of sections of whole mount embryos at 11.5 dpc 
revealed specific BMP-11 expression in the dorsal-lateral 
edges of the developing spinal cord (excluding the roof plate) 
and the dorsal root ganglia (Fig. 2J). No expression of 
BMP-11 was detected in the ventral neural tube or floor 
plate. In the dorsal neural tube, the BMP-11 signal appears 
to localize to the cell bodies of neurons in the outer mantle 
layer where sensory relay interneurons develop (Fig. 2J). In 
situ hybridization studies of older embryos (14.0-16.0 dpc) 
showed that BMP-11 expression continues in the spinal 
cord and ganglia, indicating a potential role in later stages of 
neurogenesis (data not shown). 

BMP-11 Induces Morphogenetic Movements in 
Xenopus Animal Caps 

In order to assess the biological activity of BMP-11, we 
tested the recombinant human protein in the Xenopus 
animal cap assay. Blastula (stage 8) animal pole explants 
were treated with 200 ng/ml human BMP-11 protein until 
the gastrula stage (stage 11) and cultured until sibling 
embryos reached early tailbud tadpole (stage 25). Animal 
caps cultured in media alone remain round and differentiate 
into epidermis (Fig. 3A). In contrast, BMP-11 causes a 
dramatic elongation of animal caps (Fig. 3B). This type of 
morphology is indicative of mesoderm induction, as the 
explants try to undergo the movements of gastrulation 
(Smith etal, 1988). Histological analysis of BMP-1 1-treated 
animal caps cultured to late tadpole (stage 38) reveals 
differentiated blocks of striated muscle, vacuolated noto- 
chord cells, and neural tissue (Fig. 3D). Control untreated 
animal caps form atypical epidermis (Fig. 3C). 
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Analysis of Gene Expression Induced in Animal 
Cap Ectoderm by BMP-11 

To further assess the kinds of tissues BMP-1 1 was able to 
induce, we analyzed gene expression in animal caps treated 
with various doses of human BMP-1 1 protein. Animal caps 
were explanted from late stage 8 embryos and cultured in 
various concentrations (10 to 1000 ng/ml) of BMP-11 until 
sibling embryos reached late neurula (stage 22) when they 
were collected for RT-PCR analysis. We found that BMP-1 1 
induced the expression of the general mesodermal marker, 
Xbra, and the dorsal mesoderm marker, muscle actin, at all 
doses tested (Fig. 4A). Even at 10 ng/ml (a concentration at 
which activin, one of the most potent mesoderm inducers, 
is active), BMP-11 induced Xbra and low levels of muscle 
actin (Fig. 4A). At higher doses (50-1000 ng/ml), BMP-11 
induced the pan-neural marker, NCAM (Fig. 4 A). This 
activation of NCAM expression was most likely due to a 
secondary induction by mesoderm also present in the 
animal caps (note Xbra and muscle actin expression). Our 
results suggest that in Xenopus embryos, BMP-11 is an 
inducer of dorsal mesoderm and neural tissue. 

The mesoderm inducing activity of BMP-1 1 in the animal 
cap assay is similar to that of activin but is also comparable 
to the activity seen for FGF. FGF has been shown to induce 
mesoderm through a MAP kinase cascade in this system 
(Gotoh et al, 1995; Umbhauer et al, 1995). Given the 
recent evidence that BMPs can also activate the MAP 
kinase pathway (Shibuya et al, 1998), we wanted to deter- 
mine if BMP-1 1 was working like activin or FGF to form 
mesoderm in animal caps. To do this, we treated late 
blastula stage animal caps with activin (2 ng/ml), FGF (50 
ng/ml), and BMP-1 1 (20 ng/ml) for 2 h (until stage 10.5) and 
then assayed for the induction of Mix.l, a gene that re- 
sponds to activin, Vg-1, and BMP-4, but not to FGF (Rosa, 
1989; Huang et al, 1995; Mead et al, 1996). As expected, 
activin induced the expression of Mix.l, while FGF did not 
(Fig. 4B). Interestingly, using a relatively low dose of BMP- 
1 1, we readily detected the induction of Mix.l gene expres- 
sion (Fig. 4B). These data suggest that in the Xenopus 
embryo, BMP-1 1 acts more like activin and the TGF-j3 class 
of mesoderm inducers. 

Follistatin But Not Noggin Inhibits BMP-11 
Activity 

In Xenopus embryos, three secreted factors, noggin, chor- 
din, and follistatin, have been shown to mimic the two 
main activities of Spemann's organizer: neural induction 
and dorsalization of mesoderm, by blocking the activities of 
BMP/TGF-/3 ligands (reviewed in Harland and Gerhart, 
1997; Thomsen, 1997). To determine if any of these antago- 
nists could block BMP-1 1 activity, we used the animal cap 
assay. Blastula stage explants were treated with BMP-11 
protein (50 ng/ml) alone or with a mixture of BMP-1 1 (50 
ng/ml) and mouse noggin (1000 ng/ml) or human follistatin 
(500 ng/ml) and cultured until late neurula (stage 22). 
Noggin, at a 20-fold molar excess, does not block the 
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FIG. 3. Morphological and histological analysis of control and BMP- 11 treated animal pole explants. Blastula stage (8-9) animal pole 
explants were treated with 200 ng/ml of recombinant human BMP-1 1 and cultured to neurula stage for morphology (A, B) and tadpole stage 
for histology (C, D). (A) Animal caps cultured in media alone remain rounded. (B) Animal caps cultured in BMP-1 1 protein (200 ng/ml) 
undergo a dramatic elongation indicative of mesoderm induction. (C) Histological section through a control explant reveals formation of 
atypical epidermis (ep). (D) Histological section through a BMP-1 1 treated explant reveals differentiated blocks of muscle (m), notochord 
(no), and neural tissue (nt). 



elongation of animal caps caused by BMP-1 1, and does not 
inhibit BMP- 11 induction of the dorsal mesoderm marker, 
muscle actin (Figs. 5B and 5C). The noggin protein used for 
this assay was active as animal caps incubated in noggin 
alone at 1000 ng/ml induced the neural marker, NCAM 
(Fig. 5D). In contrast, follistatin was able to completely 
inhibit BMP- 1 1 -mediated elongation of animal caps at a 
10-fold molar excess (Fig, 5F). Moreover, follistatin abol- 
ished BMP-1 1 induction of muscle actin in animal caps (Fig. 
5G). In binding experiments, neither noggin nor chordin 
protein interacted specifically with BMP-1 1, while follista- 
tin showed significant binding to the BMP- 11 protein (L. 
Fitz and S. Cook, unpublished observations). 

BMP- 11 Induces Dorsal and Posterior Neural 
Genes and Modifies the Neural Tissue Induced by 
Noggin 

In Xenopus, it is thought that anterior-posterior pattern 
in the nervous system is induced by the combined action of 



two signals produced by the dorsal mesoderm (reviewed in 
Doniach, 1995). The first signal induces anterior neural 
tissue and can be mimicked by noggin, chordin, and follista- 
tin. The second signal converts the neural tissue induced by 
the first signal into progressively more posterior types and 
may reflect the activity of FGFs and Wnts (Cox and 
Hemmati-Brivanlou, 1995; Lamb and Harland, 1995; 
McGrew et al, 1995). 

At doses from 50 to 1000 ng/ml, BMP- 11 induces neural 
tissue, most likely by a secondary induction through dorsal 
mesoderm. This raises the question of whether BMP-1 1 
could synergize with neural inducing factors to pattern 
neural tissue along the anteroposterior axis. In order to 
address this possibility, we analyzed regional neural marker 
gene expression in animal cap explants that had been 
treated with BMP-1 1 (50 ng/ml), noggin (1000 ng/ml), or a 
combination of both factors. Animal caps treated with 
BMP- 1 1 alone induced the expression of the dorsal neural 
crest marker, Xtwist (Hopwood et al, 1989) and the poste- 
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FIG. 4. Analysis of gene expression induced in animal cap explants by BMP-1 1 protein. (A) Animal caps were explanted from stage 8-9 
embryos and treated with increasing doses of recombinant human BMP-1 1 (10-1000 ng/ml) or buffer alone (untreated) until sibling embryos 
reached late neurula (stage 22). Total RNA from pools of 10 animal caps was used as the template for cDNA synthesis and the indicated 
markers were then assayed for by RT-PCR. BMP-1 1 induced the mesodermal markers Xbra and muscle actin (m. actin) at all doses tested. 
At higher doses (50-1000 ng/ml), BMP-11 induced the pan-neural marker NCAM. EFl-a serves as a loading and reverse transcription 
control while the embryo and -RT are additional positive and negative controls. (B) Animal caps were explanted from stage 9 embryos and 
treated for 2 h in buffer alone (untreated), activin (2 ng/ml), FGF (50 ng/ml), or BMP-1 1 (20 ng/ml) and collected at gastrula (stage 10.5). Low 
doses of activin and BMP-11 induced the expression of Mix. I, while FGF did not. All factors tested induced mesoderm as seen by the 
expression of Xbra. 



rior spinal cord marker, HoxB9 (Wright et al, 1990) (Fig. 6), 
but not the anterior forebrain marker, otx2 (Blitz and Cho, 
1995). Noggin treated explants only induced anterior neural 
tissue as detected by otx2 expression (Lamb et ah, 1993) 
(Fig, 6). Interestingly, animal caps incubated in both 
BMP-11 and noggin have a reduced level of otx2 while 
Xtwist and HoxB9 continue to be expressed (Fig. 6). These 
results indicate that BMP-11 can modify the neural tissue 
induced by noggin to more dorsal and posterior fates. This 
alteration of neural patterning is probably not direct and 
occurs as a consequence of BMP- lis strong mesoderm- 
inducing activity. 



DISCUSSION 

We have been using developmental biology to character- 
ize novel BMP proteins. Here we report the expression 
pattern and biological activity during vertebrate embryo- 
genesis of BMP-11, a new TGF-/3 superfamily factor that 
shows high homology to CDF-8/myostatin. In the develop- 
ing mouse, BMP-11 is expressed in regions of active meso- 
dermal and neural patterning such as the tailbud, limb bud, 



and dorsal neural tube. In Xenopus embryos, BMP-11 is a 
potent inducer of axial mesoderm (muscle and notochord) 
and can also induce and modify neural tissue. In addition, 
BMP-1 1 activity is inhibited by follistatin but not by noggin 
or chordin. Taken together our data suggest roles for 
BMP-11 in mesodermal formation and neurogenesis in the 
embryo. 

In mouse embryos, BMP-11 is first detected at low levels 
in the tip of the tail (tailbud) and as development proceeds, 
expression dramatically increases and persists until 13.0 
dpc. At 9.5 dpc, when we initially see BMP-11 transcripts in 
the tail, the tailbud replaces the primitive streak and node 
as the secondary organizing center of the embryo and new 
mesoderm continues to arise from this region for several 
days (Tarn and Beddington, 1987; Schoenwolf, 1977). Early 
and persistent expression of BMP-11 in the tailbud and its 
mesoderm inducing ability suggest this factor plays an 
important role in tail formation and posterior mesodermal 
patterning. This potential function for BMP-11 would be 
similar to that of Brachyury, a key regulator of mesodermal 
cell specification in both mouse and Xenopus embryos 
(Hermann, 1992). 

Like many members of the BMP family, BMP-11 is highly 
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FIG. 5. Follistatin but not noggin inhibits BMP-1 1 activity. Blastula stage animal pole explants were treated with 50 ng/ml BMP-1 1 protein 
alone (A, E) or in combination with 1000 ng/ml mouse noggin protein (B) or 500 ng/ml human follistatin protein (F) until late neurula (stage 22). 
(A) BMP-1 1 induces morphogenetic movements in animal caps. (B) A 20-fold molar excess of noggin does not inhibit BMP-1 1 activity. (C) RT-PCR 
analysis shows that noggin is unable to block BMP-1 1 induction of muscle actin (m. actin). (D) Recombinant mouse noggin induces the neural 
marker, NCAM, indicating the protein has the predicted activity in our assay. (E) BMP-1 1 protein induces elongation in animal caps. (F) 
Follistatin completely inhibits the activity of BMP-1 1 at a 10-fold molar excess. (G) RT-PCR analysis shows that follistatin fully blocks muscle 
actin induction by BMP-1 1. EFl-a is a loading and reverse transcription control and untreated animal caps serve as a negative control. 



expressed in the developing limb bud, being initially de- 
tected in the distal mesenchyme, and later localizing to 
regions around the developing bones. Initial results from 



implanting BMP-1 1 soaked beads in the chick indicate that 
ectopic BMP- 1 1 causes truncation of skeletal elements in 
the developing wing (L. Gamer and K. Cox, unpublished 
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FIG. 6. BMP-1 1 induces region-specific neural markers and modi- 
fies the neural tissue induced by noggin. Blastula stage animal pole 
explants were treated with BMP- 11 (50 ng/ml), noggin (1000 
ng/ml), or a combination of both factors until early neurula (stage 
18) and analyzed for regional neural marker expression by RT-PCR. 
BMP-1 1 induces the neural crest marker, Xtwist (Xtwi), and the 
spinal cord marker, Hox B9, but not the forebrain marker, otx2. 
Noggin alone induces only otx2 expression. In combination, 
BMP-1 1 dramatically reduces the amount of otx2 induced by 
noggin and allows continued expression of Xtwi and Hox B9. EF 1 -a 
serves as a loading and reverse transcription control. 



results). In the context of the limb, BMP- 11 might act as a 
dual modulator of pattern affecting both mesenchymal cell 
growth and differentiation. This type of regulatory function 
is seen with other BMPs such as BMP-2, which acts on early 
undifferentiated chick limb mesenchymal cells to cause 
apoptosis and then later promotes growth and differentia- 
tion of developing cartilage in the limb (Macias etaL, 1997). 

In the developing nervous system, BMP- 11 is expressed in 
the neural tube and in the dorsal root ganglia. Dorsal root 
ganglia are derived from neural crest cells which have 
already migrated from the dorsal most aspect of the closing 
neural tube (reviewed in Bronner-Fraser, 1994). Because we 
do not detect any BMP-1 1 expression in this region of the 
early neural tube, we do not believe BMP-1 1 is involved in 
neural crest cell formation. We do believe, however, that 
the initial and persistent expression of BMP- 11 in the dorsal 
root ganglia suggests a later role for this factor in the 
survival or proliferation of these neurons as they differen- 
tiate. 

In the neural tube, BMP-1 1 localizes to the dorsal lateral 
edges of the developing spinal cord. Generation of the 
diverse cell types found in this region of the spinal cord is 
partially dependent on TGF-/3-related signals (reviewed in 
Tanabe and Jessell, 1996; Bronner-Fraser and Fraser, 1997). 
For example, BMP-4 and BMP-7 are expressed early in the 
epidermal ectoderm and roof plate and provide dorsalizing 
signals, which induce neural crest cells and specific subsets 



of interneurons in developing chick neural tube (Liem etaL, 
1995, 1997). Because of the later and broader expression of 
BMP-1 1 in dorsal neural tube and its ability to induce and 
indirectly pattern neural tissue in Xenopus embryo ex- 
plants, we suggest that BMP-1 1 may act as a secondary 
source of BMP signaling, which continues the generation of 
dorsal cell identity in the developing spinal cord. 

The dorsal neural tube is also a rich source of molecules 
shown to be involved in somitogenesis (for reviews see 
Currie and Ingham, 1998). In vertebrates, the specification 
of somitic mesoderm is controlled by factors which are 
expressed by neighboring tissues. The ventral neural tube 
and notochord promote formation of the sclerotome, which 
gives rise to the precursor cells of the ribs, vertebrae, and 
intervertebral discs. The dorsal neural tube and surface 
ectoderm promote differentiation of the dermomyotome 
and myotome, which give rise to dermis and striated 
muscle. In the chick, BMP-4 has been shown to play a role 
in dorsal somitic patterning by its ability to block myogen- 
esis in the dermomyotome (Pourquie et al, 1996; Reshef et 
al., 1998). Based on the above observation, and the expres- 
sion pattern and activity of BMP-1 1, we suggest that 
BMP-1 1 may also function as a mediator of somite forma- 
tion, perhaps by modulating sclerotome or dermomyotome 
differentiation along with other BMPs. 

The activity of BMP-1 1 on Xenopus ectodermal explants 
is most similar to that seen with activin treatment, includ- 
ing induction of dorsal mesoderm and neural tissue. Since 
BMP-1 1 is more structurally similar to the inhibin/activin 
class of TGF-/3 molecules and because BMP ligands can 
signal through different receptor combinations (reviewed in 
Massague, 1998), the activity of BMP- 11 could reflect its 
signaling through an activin type II receptor and down- 
stream activation of the Smad2 pathway. This is most 
likely the case, as we have found no homologous sequences 
to BMP- 11 in Xenopus by genomic Southern analysis (L. 
Gamer, unpublished observations). To further investigate 
this hypothesis, we are currently conducting studies to 
determine whether the actions of BMP- 1 1 can be blocked by 
overexpressing dominant negative activin type I and type II 
receptor constructs in Xenopus embryos. 

Using the animal cap assay, we also found that BMP-1 1 
activity was specifically blocked by follistatin, but not by 
noggin. This interaction between BMP- 11 and follistatin 
may be meaningful during development as the expression 
patterns of both genes localize to adjacent domains in 
certain regions of the mouse embryo. BMP-1 1 is expressed 
in the dorsal lateral neural tube at a time when follistatin is 
detected in the adjacent somites (Feijen et al, 1994). In 
addition, BMP-1 1 is expressed around the precartilaginous 
condensations when follistatin is expressed in those con- 
densing cartilages in the limb (Feijen et al, 1994). Taken 
together our data suggest that follistatin may be involved in 
limiting BMP- 11 activity during somitogenesis and limb 
development in a manner similar to the way noggin modi- 
fies BMP-4 activity in the somite and limb (McMahon et ah, 
1998; Reshef et al., 1998; Capdevila and Johnson, 1998). 
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Recent evidence suggests that follistatin may inhibit BMP 
activity by a mechanism that is different from noggin and 
chordin (Iemura et al, 1998). We do not yet know how 
follistatin antagonizes BMP-11, but binding studies to ad- 
dress this question should be possible upon the identifica- 
tion of a BMP-1 1 receptor. 

BMP-11 is highly related to GDF-8/ my ostatin, a factor 
recently shown to be an important negative regulator of 
skeletal muscle mass (McPherron et al, 1997). Interest- 
ingly, like other highly related BMPs such as BMP-2 and 
BMP-4, BMP-1 1 and GDF-8 proteins appear to have similar 
activity in the Xenopus animal cap assay (L. Gamer, unpub- 
lished observations). This suggests that these two factors 
may be binding to the same or a similar receptor and using 
an analogous signaling pathway. Although these factors 
appear to have similar activities, BMP-11 cannot compen- 
sate for the loss of GDF-8 in homozygous null animals. This 
may reflect their mutually exclusive expression domains as 
GDF-8 is specifically expressed in developing somites and 
skeletal muscle (McPherron et al, 1997), where we do not 
detect any BMP-11 transcripts. These data suggest that 
BMP-11 and GDF-8 adopted different functions as they 
evolved from a common ancestral gene. 
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Summary 

Subclasses of motor neurons are generated at differ- 
ent positions along the rostrocaudal axis of the spinal 
cord. One feature of the rostrocaudal organization of 
spinal motor neurons is a position-dependent expres- 
sion of Hox genes, but little is known about how this 
aspect of motor neuron subtype identity is assigned. 
We have used the expression profile of Hox-c proteins 
to define the source and identity of patterning signals 
that impose motor neuron positional identity along 
the rostrocaudal axis of the spinal cord. We provide 
evidence that the convergent activities of FGFs, Gdf 1 1 , 
and retinoid signals originating from Hensen's node 
and paraxial mesoderm establish and refine the Hox-c 
positional identity of motor neurons in the developing 
spinal cord. 

Introduction 

Developing neurons possess positional identities that 
permit them to form selective connections with target 
cells. In the vertebrate central nervous system (CNS), 
neurons acquire their positional identity in response to 
the spatially restricted actions of extrinsic signaling fac- 
tors. Typically, these factors act by inducing the expres- 
sion of transcription factors that impose the identity of 
their neuronal progeny. In this view, the position that a 
progenitor cell occupies in the neural tube is a critical 
determinant of its later neuronal identity. Details of the 
signaling pathways by which neurons acquire positional 
identity, however, remain poorly defined. 

The steps that link neuronal position and identity have 
been explored in the developing spinal cord. Here, neu- 
ronal patterning appears to be regulated by signaling 
systems that operate along the dorsoventral (D-V) and 
rostrocaudal (R-C) axes of the neural tube (Lumsden 
and Krumlauf, 1996; Tanabe and Jessell, 1996). The D-V 
pattern of neuronal generation depends on bone mor- 
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phogenetic protein (BMP) and Hedgehog signaling 
(Briscoe and Ericson, 2001; Lee and Jessell, 1999). The 
secretion of Sonic hedgehog (Shh) from the notochord 
and floor plate is critical for the patterning of ventral cell 
types (Briscoe and Ericson, 2001 ; Patten and Placzek, 
2000). Shh signaling controls ventral neuronal fates by 
regulating the expression profile of homeodomain (HD) 
proteins that determine the positional identity of postmi- 
totic neurons (Briscoe and Ericson, 2001). 

The mechanisms that establish the identity of neu- 
ronal subtypes along the R-C axis of the spinal cord are 
less well defined. Interneuron subclasses are typically 
generated along the entire R-C extent of the spinal cord, 
whereas developing motor neurons (MNs) exhibit marked 
R-C differences in identity. Two major distinctions in the 
R-C identity of spinal MNs have been defined through 
studies of their position, axon trajectory, and pattern 
of muscle innervation (Landmesser, 2001). One is the 
allocation of MNs to discontinuous columnar divisions: 
thus lateral motor column (LMC) neurons are generated 
only at limb levels, whereas visceral MNs are generated 
at thoracic levels (Hollyday, 1 980a, 1 980b; Landmesser, 
1 978a, 1 978b). A second distinction is evident in the forma- 
tion of pools of MNs that occupy distinct R-C positions 
within the LMC, each pool innervating a different target 
muscle (Hollyday, 1980a; Landmesser, 1978b). These dis- 
tinctions in the R-C positional identity of MNs have been 
linked to the expression of transcription factors (Jessell, 
2000). Columnar subclasses of MNs can be delineated by 
the profile of UM-HD protein expression (Tsuchida et al., 
1994), and MN pools can be recognized by the expression 
of ETS proteins (Lin et al., 1998). Furthermore, genetic 
studies have begun to provide evidence that LIM-HD and 
ETS proteins regulate the subtype identity and pattern 
of connectivity of developing MNs (Sharma et al., 1998; 
Kania et al., 2000; S. Arber, personal communication). 

An additional R-C distinction in MN identity, superim- 
posed upon programs of column and pool organization 
is evident as a graded positional value that is linked to 
the topographic projections of somatic and visceral MNs 
within their target fields (Forehand et al., 1 994; Laskow- 
ski and Sanes, 1987). The only known molecular corre- 
late of this graded R-C positional identity of MNs is the 
expression of members of the Hox gene family (Belting 
et al., 1998; Ensini et al., 1998; Lance-Jones et al., 2001). 
Moreover, there is emerging functional evidence that 
Hox genes control the projection patterns of motor ax- 
ons. Inactivation of members of the Hox-c and Hox-d 
gene clusters leads to alterations in motor innervation 
of specific muscles in the limb (Carpenter et al., 1 997; 
de la Cruz et al., 1999; Tiret et al., 1998), and in the 
developing hindbrain, Hox-a and Hox-b genes control 
the identity and axonal trajectory of cranial MNs (Bell 
et al., 1999; Gavalas et al., 1997; Jungbluth et al., 1999; 
Studer et al., 1996). 

Despite evidence for Hox-based R-C positional differ- 
ences in MN identity, the extrinsic signals that control 
Hox gene expression in the spinal cord have not been 
defined. Grafting studies in chick embryos have pro- 
vided evidence that the positional identity of spinal MNs, 
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as well as the pattern of Hox gene expression, can be 
respecified soon after neural tube closure by signals 
derived from the paraxial mesoderm (Ensini et al., 1998). 
Similarly, in the hindbrain, signals from the paraxial 
mesoderm have been implicated in the regulation of Hox 
gene expression (Grapin-Botton et al., 1997; Itasaki et 
al., 1996). Nevertheless, it remains unclear whether sig- 
nals from the paraxial mesoderm are sufficient to estab- 
lish the R-C positional identity of MNs. In the lumbar 
spinal cord, for example, the developmental profile of 
Hox-d gene expression cannot easily be accounted for 
by signals from the paraxial mesoderm (Lance-Jones et 
al., 2001). 

In this study, we have examined the factors that estab- 
lish the graded R-C positional identity of MNs, through 
an analysis of Hox-c protein expression. Our findings 
indicate that the convergent activities of three classes 
of extrinsic signals— FGFs, Gdf11, and retinoids— 
appear to be involved in establishing the Hox-c posi- 
tional identity of spinal MNs. 

Results 

Rostrocaudal Expression of Hox-c Proteins 
in the Developing Spinal Cord 

To generate markers that define the positional identity 
of MNs along the R-C axis of the developing spinal cord, 
we raised antibodies against HoxcS, Hoxc6, Hoxc8, 
Hoxc9, and HoxdO. These antibodies were used to de- 
fine the temporal and spatial pattern of Hox-c expres- 
sion in the embryonic chick spinal cord. 
Temporal Pattern 

The neural expression of Hox-c proteins was first de- 
tected at HH stage 14, when low levels of Hoxc8, Hoxc9, 
and Hoxd 0 were expressed in a few cells in the caudal 
neural tube (data not shown). From HH stages 16 to 
22, the peak period of MN generation (Hollyday and 
Hamburger, 1977), the expression of HoxcS, Hoxc6, 
Hoxc8, Hoxc9, and Hoxd 0 was restricted primarily to 
Isl1(2) + , HB9 + MNs (Figure 1A; data not shown). Newly 
differentiated MNs are located medially, and these neu- 
rons lacked Hox-c expression (Figure 1A; data not 
shown), indicating that the onset of Hox-c expression 
occurs after MNs have left the cell cycle. Hox-c expres- 
sion in MNs persisted at HH stage 24, close to the end 
of MN generation, and at this stage expression was also 
detected in other cell types (Figure 1C). From HH stages 
24 to 28, the expression of Hox-c proteins, notably 
Hoxc8 and Hoxc9, became restricted to columnar sub- 
sets of MNs (Supplemental Figure S1 at http^/www. 
neuron.org/cgi/content/full/32/6/997/DC1). 
Spatial Pattern 

We next analyzed the pattern of Hox-c expression in 
MNs at different R-C levels of the spinal cord, from 
HH stages 16 to 24. Over this period, different Hox-c 
proteins were expressed in restricted R-C domains. At 
HH stage 24, HoxcS was detected throughout the cervi- 
cal spinal cord, with a posterior limit of expression in 
the rostral brachial spinal cord (Figures 1B and 1C). 
Hoxc6 was detected from caudal cervical levels into the 
brachial region (Figures 1 B and 1 C). Hoxc8 was detected 
from the mid-brachial to the mid-thoracic levels (Figures 
1B and 1C). Hoxc9 was detected from caudal brachial 
through thoracic levels (Figures 1 B and 1 C). Hoxd 0 was 



detected in the lumbar spinal cord (Figures 1 B and 1C). 
These results extend previous studies (Belting et al., 
1998; Ensini et al., 1998), and provide evidence that 
developing spinal MNs exhibit R-C identities that can 
be defined by their Hox-c expression profile. 

Early Specification of the Neural Pattern 
of Hox-c Expression 

To examine how the R-C identity of spinal MNs is estab- 
lished, we assayed the timing of specification of Hox-c 
expression in chick neural tissue in vitro. We first ana- 
lyzed the profile of Hox-c expression in neural explants 
isolated from different R-C positions of the neural tube 
in 14 to 15 somite stage (s) embryos. Ventral neural 
tissue positioned caudal to the most recently formed 
somites and rostral to Hensen's node (HN) was isolated 
together with prospective or definitive floor plate cells, 
to provide a source of Shh to initiate spinal MN genera- 
tion (Ericson et al., 1996). Neural tissue was subdivided 
into five R-C domains, each domain was cultured in vitro 
for 66 hr (to the equivalent of HH stages 24-25), and then 
assayed for Hox-c expression (Figure 2A). The positional 
fate of neural cells in these five domains was determined 
in vivo (see Experimental Procedures). 

Cells in neural explants fated to populate caudal cervi- 
cal levels expressed Hoxc6, but not other Hox-c proteins 
(Figure 2B). Cells in neural explants fated to give rise to 
rostral brachial levels expressed Hoxc6 and low levels 
of Hoxc8, but not Hoxc9 or Hoxd 0 (Figure 2B). Neural 
explants fated to give rise to caudal brachial levels con- 
tained many Hoxc6 + and Hoxc8 + cells, a few Hoxc9 + 
cells, but no Hoxc10 + cells (Figure 2B). Neural explants 
fated to give rise to rostral thoracic levels expressed 
fewer Hoxc6 + and many Hoxc8 + and Hoxc9 + cells, but 
no Hoxc10 + cells (Figure 2B). Cells in neural explants 
fated to populate caudal thoracic levels of the neural 
tube expressed low levels of Hoxc6, higher levels of 
Hoxc8 and Hoxc9, but not HoxdO (Figure 2B). These 
caudal thoracic explants contain Hoxc6 + and Hoxc8 + 
cells, even though the spinal cord at this level in vivo 
lacks expression of both proteins (Figures 1B and 1C), 
an issue we return to below. No expression of Hoxc5 
was detected in any of these explants (data not shown). 
Many Hox-c + cells were MNs, as assessed by coexpres- 
sion of Isl1(2), although Hox-c proteins were also de- 
tected in other cell types, as in vivo (Figure 2C; data not 
shown). The expression of each of these Hox-c proteins 
was first detected between 24 hr-48 hr (data not shown), 
a timing consistent with their onset of expression in vivo. 
Thus, neural Hoxc6 to HoxdO expression patterns in 
chick embryos are specified by the 14s stage. 

We also monitored the Hox-c profile of MNs generated 
in neural plate tissue isolated from 5s, 10s, and 20s (HH 
stages 8+, 10, and 13+) embryos (Figures 3A, 3C, and 
3E). Ventral neural tissue located anterior to HN in Ss 
embryos is fated to populate rostral cervical levels, and 
none of the MNs generated in these explants expressed 
Hoxc6, Hoxc8, Hoxc9, or HoxdO (Figures 3A and 3B). 
Ventral neural tissue isolated from the region anterior 
to HN in 1 0s embryos is fated to populate rostral brachial 
levels, and MNs in these explants expressed Hoxc6 and 
Hoxc8, but not Hoxc9 or HoxdO (Figures 3C and 3D; 
data not shown). Ventral neural tissue isolated from the 
region anterior to HN in 20s embryos is fated to populate 
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Figure 1 . Hox-c Expression in Developing Spinal MNs 

(A) Hoxc9 and HB9 expression in the spinal cord of HH stage 16-20 embryos. Arrowheads indicate Hoxc9 + cells. Left side shows expression 
of Hoxc9, and right side Hoxc9 (red) and HB9 (green). 

(B) R-C domains of Hoxc5 to HoxdO in the spinal cord of HH stage 24 embryos. Numbers in circles indicate somite level. C = cervical, B = 
brachial, T = thoracic, and L = lumbar levels. 

(C) Expression of Hoxc5 to HoxdO at different levels of HH stage 24 embryos. Left side shows individual Hox-c proteins, and right side Hox-c 
(red) and Isl1(2) (green), "d" indicates dorsal root ganglion. 

Scale bar: 1 00 m-iti. 



rostral lumbar levels, and MNs generated in these ex- 
plants expressed Hoxc9 and Hoxd 0, but hot Hoxc6 or 
Hoxc8 (Figures 3E and 3F). No expression of Hoxc5 was 
detected in these explants (Figures 3D, 7A, and data 
not shown). Thus, with the exception of HoxcS, the R-C 
profile of Hox-c expression in MNs and other cell types 
appears to be specified soon after neural plate for- 
mation. 



Induction of Neural Hox-c Expression 
by Hensen's Node 

The early specification of neural Hox-c pattern led us 
to examine the origin of signals that establish this aspect 
of MN positional identity. Previous studies have pro- 
vided evidence that the pattern of Hox expression is 
modifiable around the time of neural tube closure (Ensini 
et al., 1998; Lance-Jones et al., 2001). We reasoned that 
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Figure 2. Expression of Hox-c in Neural Explants In Vitro 

(A) Cells in neural tissue caudal to the somites and rostral to HN in 14s embryos populate cervical to thoracic regions of the spinal cord. (C = 
cervical, B r = rostral brachial, B c = caudal brachial, T r = rostral thoracic, T c = caudal thoracic). Ventral neural tissue including the floor plate 
(vf) was cultured for 66 hr. 

(B) Expression of Hoxc6 to HoxdO in explants from (A). 

(C) A T r (Nrt) explant generates Hoxc\ Isl1(2) + cells. Panels i and iv are the same section labeled with Hoxc6, HoxdO, and Isl1(2). Panels ii 
and iii are the same section labeled with Hoxc8, Hoxc9, and Isl1(2). Arrowheads indicate Hoxc8 + , Hoxc9 + MNs. 

Scale bar 50 ixm. 



neural plate tissue fated to give rise to rostral cervical 
levels, and lacking expression of Hoxc5 to HoxdO in 
vitro (Figures 3A and 3B), might stiil be competent to 
respond to extrinsic signals that impose a more caudal 
Hox-c identity. We therefore used ventral neural ex- 
plants isolated from the rostral cervical level of 5s to 6s 
embryos (termed N rc explants) (Figures 3A and 3B) in 



assays to define the source of Hox-c patterning activity. 
We also assayed the coexpression of Hox-c and Isl1(2) 
proteins to test whether the Hox-c expression pattern 
reflects MN positional identity and, in addition, deter- 
mined the total number of Isl1(2) + MNs (Table 1). 

From HH stage 6 onward, prospective spinal cord 
cells lie close to the rostral primitive streak and HN 
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Figure 3. Hoxc6 to HoxdO Expression Is Specified at Neural Plate Stages 

(A) Neural tissue located rostral to HN in 5s embryos populates rostral cervical levels of the spinal cord. Ventral neural plate (N^ tissue was 
cultured for 72 hr. 

(B) N re explants do not express Hoxc6 to HoxdO. Panels ii and iii are the same section labeled with HoxcB, Hoxc9 and lsll (2). 

(C) Neural tissue located rostral to HN In 10s embryos populates rostral brachial levels. Ventral neural plate (N*) tissue was cultured for 68 hr. 

(D) Nrt, explants cultured in vitro express Hoxc6 and Hoxc8. Panels i and ii are the same section labeled with HoxcS, Hoxc6, and lsll (2). Panels 
iii and iv are the same section labeled with Hoxc8, Hoxc9, and lsll (2). 

(E) Neural tissue located rostral to HN in 20s embryos populates rostral lumbar levels. Ventral neural plate (N„) tissue taken from this region 
was cultured for 60 hr. 

(F) N rt explants express Hoxc9 and HoxdO. Panels i and iii are the same section labeled with Hoxc6, Hoxc9 and lsll (2). Panels ii and iv are 
the same section labeled with Hoxc8, HoxdO, and lsll (2). 

Scale ban 50 ^m. 
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Table 1 . Motor Neuron Number in Neural Explants Exposed 
to Different Factors 



Explants + Reagents lsH (2) + Cells/Section 



N 


58 


± 11 


N + Faf2 5 na/ml 


114 


± 15 


IM 4- Faf2 25 na/ml 


153 


± 11 


N rc + Fgf2 125 ng/ml 


184 


± 16 


N re + Fgf2 625 ng/ml 


50 


± 4 


N w + 5sHN 


146 


± 15 


N re + 15sHN 


45 


± 7 


N re + 15sHN + SU5402 1 2.5M 


46 


± 18 


N rt + Gdf8 10 ng/ml 


33 


± 3 


N rc + Fgf2 25 ng/ml + Gdf8 10 ng/ml 


143 


± 22 


N re + Gdf8 40 ng/ml 


43 


± 8 


N rc + Fgf2 25 ng/ml + Gdf8 40 ng/ml 


102 


± 9 


N re + RA 0.1 M 


114 


± 22 


N rt 


98 


± 8 


N rt + Fgf2 5 ng/mt 


209 


± 44 


N rt + Gdf8 5 ng/ml 


102 


± 15 


N rt + RA 0.1 M 


154 


± 12 


Isl1 (2) 4 MNs were counted in sections of neural explants. Each value 
represents Isl1 (2) + cells/section from 2 to 4 explants (mean ± SEM). 



(Mathis et al., 2001; Schoenwolf, 1992), leading us to 
examine whether signals from these axial tissues are 
involved in the induction of neural Hox-c expression. 
Cells in N rc explants grown in conjugate with HN tissue 
(see Experimental Procedures) were induced to express 
Hoxc6, Hoxc8, Hoxc9, and Hoxd 0, but not HoxcS (Fig- 
ure 4; data not shown). The precise profile of Hox-c 
expression depended on the developmental stage at 
which HN was isolated, and by inference the R-C posi- 
tion of HN. HN tissue derived from 5s to 6s embryos 
induced ~50 Hoxc6 + cells (Hox-c + cell number/10 ujti 
section), but no Hoxc8 + , Hoxc9\ or Hoxc10 + cells (Fig- 
ure 4). HN tissue derived from 10s to 11s embryos in- 
duced ~80 Hoxc6 + cells, 20 to 40 Hoxc8 + and Hoxc9 + 
cells, but no Hoxd 0 + cells (Figure 4). HN tissue derived 
from 14s to 15s embryos induced fewer (~30) Hoxc6 + 
cells, slightly more (~30) Hoxc8 + cells, many more 
(~120) Hoxc9 + cells, and ~10 Hoxc10 + cells (Figure 4). 
HN tissue from 1 9s to 20s embryos induced ~1 0 Hoxc6 + 
cells, ~30 Hoxc8 + cells, and additional Hoxc9 + and 
Hoxc10 + cells (Figure 4). In all instances, many induced 
Hox-c + cells were MNs, as assessed by coexpression of 
Isl1 (2) (Table 1 ; data not shown). These findings provide 
evidence that signals from older and progressively more 
caudaily positioned HN tissue induce a correspondingly 
more caudal profile of Hox-c expression. 

We also examined whether tissues adjacent to HN 
induce neural Hox-c expression. N rc explants were cul- 
tured together with caudal paraxial mesoderm, noto- 
chord, or ventral neural tissue isolated from 1 5s quail 
embryos. Newly formed notochord tissue at caudal tho- 
racic level induced a few Hoxc6 + cells, but did not in- 
duce Hox5 + , Hoxc8 + , Hoxc9\ or Hoxc10 + cells (data 
not shown). In contrast, older notochord tissue at rostral 
thoracic levels did not induce expression of Hox-c pro- 
teins (data not shown). Neither paraxial mesoderm nor 
ventral neural tube tissue induced expression of Hox-c 
proteins (data not shown). Thus, Hox-c-inducing activity 
is concentrated in HN, but is also expressed transiently 
in the notochord, a derivative of HN. 



Concentration-Dependent Induction 
of Hox-c Expression by FGFs 

Several fibroblast growth factor (FGF) genes, including 
Fgf2, Fgf3, Fgf4, and Fgf8 t are expressed in HN and in 
the adjacent primitive streak (Crossley and Martin, 1 995; 
Mahmood et al., 1995a; Niswander and Martin, 1992; 
Riese et al., 1995), leading us to analyze the Hox-c- 
inducing activity of FGFs. FgfS is expressed in HN, primi- 
tive streak, and the tail bud over the time that the spinal 
Hox-c expression pattern is established, and the level 
of expression of FgfS in HN and tail bud appeared to 
increase from the 6s to1 6s stages (Supplemental Figure 
S2 at http^/www.neuron.org/cgi/content/full/32/6/997/ 
DC1). In 16s stage embryos, Fgf8 expression was also 
detected in caudal regions of the notochord (Supple- 
mental Figure S2). We therefore tested whether FGF8, 
or other FGFs with similar activity, mimic the ability of 
HN to induce Hox-c expression in N rc explants. 

FGF8 activity requires heparin as a cofactor (Mah- 
mood et al., 1 995b; Storey et al., 1 998; our observations). 
We therefore examined the Hox-c inductive ability of 
FGF8-adsorbed heparin beads, when grown in contact 
with N rc explants for 72 hr. Heparin beads soaked in 11 
iig/ml FGF8 induced expression of Hoxc6 in cells close 
to the bead, but did not induce Hoxc8, Hoxc9 ,or Hoxd 0 
(data not shown). Heparin beads soaked with 33 |xg/ml 
FGF8 induced Hoxc6, Hoxc8, and Hoxc9 (data not 
shown), and heparin beads soaked with 1 00 tig/ml FGF8 
induced Hoxc6 in distant cells, induced Hoxc8 and 
Hoxc9 in cells nearer to the beads, and induced Hoxd 0 
in cells adjacent to the beads (Supplemental Figure S3 
on Neuron website). HoxcS was not detected in any of 
these conditions (data not shown). These results provide 
evidence that FGF8 can induce Hox-c expression in N rc 
explants, and suggest that the profile of Hox-c expres- 
sion varies with the concentration of FGF8. 

To examine the influence of FGFs on Hox-c expres- 
sion more quantitatively, we exposed N ro explants to 
defined concentrations of FGF2, an FGF that mimics the 
activity of FGF8 in chick neural plate tissue (Muhr et al., 
1999), and exhibits signaling activity in soluble form in 
the absence of heparin (Roghani et al., 1994). Exposure 
of N re explants to 5 ng/ml FGF2 induced ~20 Hoxc6 + , 
Isl1(2) + MNs (mean values/10 jxm section), but no 
Hoxc8 + , Hoxc9 + , or Hoxd 0 + MNs (Figure 5A). Exposure 
of N rc explants to 25 ng/ml FGF2 induced 17 Hoxc6 + , 
lsl1(2) + MNs; 25 Hoxc8 + , Isl1(2) + MNs; 36 Hoxc9\ 
Isl1(2) + MNs; but no Hoxc10\ Isl1(2) + MNs (Figure 5A). 
Exposure of N rc explants to 125 ng/ml FGF2 induced 
4 Hoxc6 + , Isl1(2) + MNs; 57 Hoxc8\ Isl1(2)+ MNs; 97 
Hoxc9 + , Isl1 (2) + MNs; and 5 Hoxd 0 + , Isl1 (2) + MNs (Fig- 
ure 5A). Exposure of N rc explants to 625 ng/ml FGF2 
induced 1 Hoxc6 + , Isl1(2) + MN; 1 Hoxc8 + , Isl1(2) + MN; 
20 Hoxc9 + , Isl1{2) + MNs; and 26 Hoxc10\ Isl1(2) + MNs 
(Figure 5A). FGF2 failed to induce Hoxc5 at these con- 
centrations (data not shown; Figure 7C). These results 
provide evidence that the FGF8/FGF2 class of FGFs 
mimic the ability of HN to induce patterned Hox-c ex- 
pression, and indicate that FGFs act in a concentration- 
dependent manner that appears to reflect the age- and 
position-dependent signaling activity of HN. 

To test if the induction of neural Hox-c expression by 
HN requires FGF signaling, we used SU5402, an effec- 
tive inhibitor of FGF receptor 1 (FGFR1) activity (Moham- 



Hox-c Expression and Motor Neuron Patterning 
1003 




Figure 4. Induction of Neural Hox-c Expression by Hensen's Node 

Coculture of HN tissue from 5s-20s quail embryos with N re explants induces the expression of Hoxc6 to HoxdO proteins, but not HoxcS. 
Scale bar: 50 \im. 



madi et al., 1997; Muhr et al., 1999; Streit et a!., 2000; 
Wilson et al., 2000). Conjugates of chick N re explants 
and 15s quail HN tissue were grown in the presence of 
SU5402. The induction of neural Hoxc8, Hoxc9 v and 
HoxdO expression by 15s quail HN was completely 
blocked by 5 u.M SU5402 (data not shown). At this con- 
centration, neural expression of Hoxc6 was not com- 
pletely eliminated, but 12.5 yM SU5402 completely 
blocked expression of Hoxc6 as well as of Hox8, Hoxc9, 
and HoxdO (Figure 5B). The generation of Isl1(2) + MNs 
in these neural explants was not affected by SU5402 
(Figure 5B, Table 1). These results provide evidence that 
the expression of Hoxc6 to HoxdO in MNs depends on 
FGF signals provided by HN. 

An Accessory Role for Gdf11 in Patterning Neural 
Hox-c Expression 

The high FGF concentration needed to induce a caudal 
profile of neural Hox-c expression prompted us to exam- 
ine whether FGFs account completely for the Hox-c 
patterning activity of HN. Gdf1 1 , a member of the trans- 
forming growth factor p (TGFp) family is expressed in 
the tail bud region of mouse embryos (Gamer et al., 



1 999; Nakashima et al., 1 999), and inactivation of Gdf1 1 
leads to caudal-to-rostral shift in the identity of paraxial 
mesodermal derivatives (McPherron et al., 1999). We 
therefore examined whether Gdf 1 1 might contribute to 
the patterning of neural Hox-c expression. A chick Gdf1 1 
cDNA was isolated and its pattern of expression exam- 
ined. Gdf 11 was not expressed in chick embryos prior 
to the 11s stage (Figure 6Ai), but from this stage, high 
levels of expression were detected in HN/tail bud and 
in caudal paraxial mesoderm (Figures 6Aii-€Aiv). This 
expression pattern persisted until HH stage 14 (data not 
shown). 

We first examined whether Gdfl 1 , like FGFs, can induce 
Hox-c expression in MNs in N rc explants. Aggregates of 
HEK293 cells transfected with Gdf1 1 were conjugated with 
N re explants, and Hox-c and Isl1(2) expression assayed 
after 72 hr. Gdf1 f -transfected HEK293 cells did not induce 
Hoxc6, Hoxc8, Hoxc9, or HoxdO expression in Isl1(2) + 
MNs (Figure 6C; data not shown). To determine more 
quantitatively the effect of this class of Gdf proteins on 
neural Hox-c expression, we also examined the activity 
of the closely related Gdf family member, Gdf8 (Gamer 
et al., 1 999; Nakashima et al., 1 999; Lee and McPherron, 
2001). Exposure of N rc explants to 10-40 ng/ml Gdf8 
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Figure 5. Concentration-Dependent Induction of Hox-c Expression by FGF2 

(A) Induction of Hox-c expression by FGF2 in N rc explants. Hox-c proteins are labeled in red and Isl1(2) in green. Panels i and iv, ii and iii, v 
and vii, vi and viii, x and xi, xiii and xv, and xiv and xvi are the same sections labeled with combinations of Hoxc and Isl1(2) antibodies. 
Arrowheads in panels v and vii indicate Hoxc6 and Hoxc9 double-labeled MNs, and arrowheads in panels x and xi indicate Hoxc8 and Hoxc9 
double-labeled MNs. HoxcS expression was not induced. 

(B) Addition of SU5402 (12.5 \iM) blocks induction of Hox-c proteins in N rc explants by 15s HN. The total number of Isl1(2) + cells was not 
affected. 

Scale ban 50 p.m. 



induced virtually no Hoxc6 + , Hoxc8\ Hoxc9\ or 
Hoxc10 + MNs (Figures 6D and 6E). The number of MNs 
in N fC explants was reduced in the presence of Gdf8 
(Table 1 ), which may reflect an inhibitory influence on cell 
proliferation (Kalyani et al., 1998; Lee and McPherron, 
2001 ). Exposure of cells to Gdf8 at these concentrations 
did not alter the D-V positional character of neural cells 
(data not shown). Thus, Gdf1 1 and Gdf8 appear to have 
little intrinsic Hox-c-inducing activity. 

We next examined whether Gdf11/8 modulates the 
Hox-c patterning activity of FGFs. Exposure of N re ex- 
plants to 25 ng/ml FGF2 alone induced Hoxc6\ Hoxc8\ 
and Hoxc9 + , but no Hoxc10 + MNs (Figures 6B and 61). 
N rc explants conjugated with Gdf 1 7-transfected HEK293 
cells and exposed to 25 ng/ml FGF2 exhibited a 4-fold 
reduction in the number of Hoxc6 + cells, and an ~2- 
fold increase in the number of Hoxc9 + cells (Figure 6F). 
Similarly, when N rc explants were exposed jointly to 10 



ng/ml Gdf8 and 25 ng/ml FGF2, a 4-fold reduction in 
Hoxc6 + MN number and a 3-fold increase in Hoxc9 + 
MN number were observed (Figures 6G and 6 J). Joint 
addition of 40 ng/ml Gdf8 and 25 ng/ml FGF2 virtually 
abolished expression of Hoxc6 in MNs, increased the 
number of Hoxc9 + MNs 2-fold, and induced a few 
Hoxc10 + MNs (Figures 6H and 6K). Together, these re- 
sults provide evidence that Gdf1 1 enhances the ability 
of FGFs to induce a caudal Hox-c profile, thus promoting 
the differentiation of MNs with a more caudal positional 
identity. 

A Role for Caudal Mesoderm in Refining 
Hox-c Expression 

Thoracic level neural explants isolated from 14s em- 
bryos and grown in vitro aberrantly express Hoxc6 (Fig- 
ure 2B), raising the possibility that tissues surrounding 
the neural tube normally have a role in limiting the poste- 
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Figure 6. Regulation of Hox-c Expression by Gdfs 

(A) Expression of Gdf11 in chick embryos, (i) Gdf11 is not detectable in embryos younger than 10s. (iiH'v) In older embryos, Gdf1 1 is expressed 
by HN and caudal paraxial mesoderm. A low level of expression is detected in caudal neural plate. Dotted lines in 00 indicate the levels of 
cross-sections shown in (iii) and (iv). 

(B-K) Quantitation of Hox-c + cells in N rc explants cultured in the presence of FGF2 and Gdfs. 



rior extent of Hoxc6 expression. Since the paraxial 
mesoderm has been implicated in patterning the neural 
tube (Ensini et al., 1998; Grapin-Botton et al., 1997; Ita- 
saki et al., 1 996), we tested if signals from axial or parax- 
ial mesoderm refine the caudal pattern of neural Hox-c 
expression. Rostral thoracic level neural tissue from 1 4s 
chick embryos (N rt explants, Figures 2B and 2C) was 
conjugated with 14s quail caudal thoracic level paraxial 
mesoderm and/or notochord. N rt explants conjugated 
with either paraxial mesoderm or notochord showed 
only a small reduction in the number of Hoxc6 + cells, 
and a small increase in the number of Hoxc9 + cells (data 
not shown). In contrast, N rt explants conjugated with 
both paraxial mesoderm and notochord led to an almost 
complete loss of Hoxc6 + cells, and to an ~2-foId in- 
crease in the number of Hoxc9 + cells (Supplemental 
Figure S4 on Neuron website). These studies suggest 
that the combined actions of signals from thoracic level 
paraxial mesoderm and notochord repress Hoxc6 and 
enhance Hoxc9 expression in the thoracic neural tube. 

Since FgfB is expressed by posterior notochord and 
Gdf11 by posterior paraxial mesoderm at levels flanking 
thoracic neural tube, we tested if these two factors ac- 
count for the influence of mesodermal tissues on the pat- 



tern of Hox-c expression in the thoracic neural tube. Addi- 
tion of FGF2 (5 ng/ml) or Gdf8 (5 ng/ml) alone to N rt explants 
resulted in a small reduction in the number of Hoxc6 + 
cells and a small increase in the number of Hoxc9 + cells 
(data not shown). The joint addition of FGF2 (5 ng/ml) 
and Gdf8 (5 ng/ml) reduced the number of Hoxc6 + cells 
by >70% and increased the number of Hoxc9 + cells 
~1 .7-fold (Supplemental Figure S4 on Neuron website). 
Many of the resulting Hox-c + cells were MNs (data not 
shown). Thus, at thoracic levels, FGFs and Gdfl 1 ex- 
pressed by notochord and posterior paraxial mesoderm, 
respectively, can act together to refine the profile of 
Hox-c expression established by signals from HN. 

Retinoid Signaling from Rostral Paraxial 
Mesoderm Imposes an Anterior Profile 
of Neural Hox-c Expression 

Signals from HN alone are not sufficient to impose a 
complete rostral profile of Hox-c expression since cervi- 
cal level neural explants grown in the presence of either 
HN or FGFs fail to express HoxcS. We therefore exam- 
ined the source and nature of signals that confer the 
profile of Hox-c expression characteristic of the cervical 
level neural tube. 
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Figure 7. Regulation of Hox-c Expression by 
Cervical Level Paraxial Mesoderm and Reti- 
noids 

(A) N ro explants cultured alone do not express 
Hoxc5. Addition of retinoic acid (0.1 \M) in- 
duces Hoxc5 expression. Many Hoxc5 + cells 
are MNs, as revealed by Isl1(2) expression. 
Addition of retinol (1 p.M) induces few Hoxc5 + 
cells. 

(B) Cervical level mesoderm (Mc) alone does 
not induce HoxcS in N re explants. In the pres- 
ence of 1 m-M retinol, induction of HoxcS is 
observed. The induction of Hoxc5 is blocked 
by RAR/RXR antagonists. 

(C) Induction of Hoxc5 + cells in H K explants 
by retinoids. 

(D) Cervical level paraxial mesoderm and reti- 
noids increase the number of Hoxc6 + cells 
and decrease the number of Hoxc9 + cells in 
N rt explants. 

Scale bar: 50 fxm. 



To address this issue, N rc explants were grown to- 
gether with mesodermal tissue isolated from quail em- 
bryos, or with candidate-inducing factors. Cervical level 
paraxial mesoderm expresses a high level of the retinoic 
acid (RA) synthesizing enzyme retinaldehyde dehydro- 
genase^ (RALDH-2) (Berggren et al. ( 1999; Nieder- 
reither et al., 1997; Supplemental Figure S2B), and is a 
source of retinoid signals that influence the pattern of 
Hox-b expression in the hindbrain (Gould et al., 1998). 
We tested the involvement of retinoid signaling in the 
control of HoxcS expression by growing N TC explants in 
the presence of cervical paraxial mesoderm and 1 u,M 
retinol, a precursor of RA that permits efficient RA syn- 
thesis by paraxial mesoderm. N rc -paraxial mesodermal 
conjugates grown for 72 hr contained many Hoxc5 + 
neural cells, whereas cells in N re explants grown alone, 
or in 1 u.M retinol, contained few if any Hox5 + cells 
(Figures 7A-7C). N re explants grown in the presence of 
0.1 fxM RA without paraxial mesoderm or retinol also 
generated many Hoxc5 + cells (Figures 7A and 7C). Of 
these Hoxc5 + cells, ~40% were Isl1(2) + MNs (Figure 
7A, data not shown). Exposure of 5s N rc explants to 0.1 
u-M RA did not induce expression of Hoxc6, Hoxc8, 
Hoxc9, or Hoxd 0 in MNs or other cells (data not shown), 
providing evidence that retinoids do not substitute for 
FGFs in the induction of these Hox-c proteins. Exposure 
of N„; explants to retinoids produced a significant in- 
crease in total MN number (Table 1), consistent with 



the mitogenic effect of retinoids on neural progenitors 
(Sockanathan and Jessell, 1998). These results provide 
evidence that retinoids synthesized by the paraxial 
mesoderm induce expression of Hoxc5 in MNs. To test 
whether retinoid signals from paraxial mesoderm are 
required for the neural expression of HoxcS, N TC explants 
were conjugated with cervical level paraxial mesoderm 
in the presence of 1 p-M retinol and the retinoic acid 
receptor (RAR) and retinoid X receptor (RXR) antago- 
nists LG100815 (1 m-M), and LG1 00849 (1 |iM) (Sockana- 
than and Jessell, 1998). No neural expression of HoxcS 
was detected under these conditions (Figure 7B). These 
findings provide evidence that retinoid signals from cer- 
vical level paraxial mesoderm are required for the ex- 
pression of HoxcS in MNs. 

We next examined whether retinoid signaling from 
cervical level paraxial mesoderm also modifies the pro- 
file of Hoxc6, Hoxc8, and Hoxc9 expression— Hox-c pro- 
teins that are induced in MNs by FGF-mediated signals 
from HN. We exposed explants isolated from prospec- 
tive thoracic levels of the neural tube (N rt explants) to 
cervical level paraxial mesoderm or to retinoids. Conju- 
gating 14s N rt tissue with 14s cervical level paraxial 
mesoderm led to an ^2-fold increase in Hoxc6 + ceils 
and to a 3-fold decrease in Hoxc8 + and a 6-fold de- 
crease in Hoxc9 + cells (Figure 7D, data not shown). 
1 4s N rt explants grown in the presence of 0.1 jxM RA 
exhibited an ~2-fold increase in Hoxc6 + , Isl1(2) + MNs, 
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and an ~3-fold decrease in Hoxc8 + , ls!1(2) + and 
Hoxc9 + , Isl1(2) + MNs (Figure 7D, data not shown). The 
ability of cervical level paraxial mesoderm to increase 
Hoxc6 and decrease Hoxc8 and Hoxc9 expression was 
partially blocked by addition of RA receptor antagonists 
(Figure 7D, data not shown). Thus, retinoid signaling 
from cervical level paraxial mesoderm appears to refine 
the pattern of Hox-c expression induced in MNs by FGF 
signals from HN. These findings, together with the RA- 
mediated induction of Hoxc5, indicate that retinoid sig- 
naling from cervical level paraxial mesoderm is involved 
in conferring a complete rostral profile of Hox-c expres- 
sion to MNs in the cervical spinal cord. 

Patterning of Neural Hox-c Expression 
by FGF Signaling In Vivo 

We next determined whether FGF signaling also regu- 
lates neural Hox-c expression in vivo. We misexpressed 
a mutated form of the FGF receptor 1 (FGFR1*) which 
activates FGF signal transduction in a I igand -indepen- 
dent manner (Hart et al., 2000). We reasoned that cells 
that express FGFR1 * should behave as if they have been 
exposed to elevated levels of FGF signaling, and thus 
will undergo a rostral-to-caudal shift in their profile of 
Hox-c expression. We selected an activated FGF recep- 
tor 1 for these studies since the inhibitory activity of 
SU5402 on Hox-c expression implicates this FGF recep- 
tor subtype in neural patterning. FGFR1 * was expressed 
unilaterally at brachial and cervical levels of the neural 
tube by electroporation into 9s-12s embryos, followed 
by analysis of neural Hox-c pattern at HH stages 20-21 
and 24-25. 

Expression of FGFR1* at brachial levels resulted in 
ectopic rostral expression of Hoxc9 and Hoxd 0 in ven- 
tral regions of the spinal cord, coincident with local sites 
of ectopic FGFR1* expression (Figures 8C, 8D, 8G, and 
8H). Some, but not all, ectopic Hoxc9 + or Hoxd 0 + cells 
coexpressed MN markers. In contrast, FGFR1* expres- 
sion suppressed the expression of Hoxc6 and to a lesser 
extent Hoxc8 from brachial level MNs (Figures 8E, 8E', 
8F, and 8F'). The ectopic rostral expression of Hoxc9 
and HoxdO elicited by FGFR1* expression was also 
observed at more dorsal levels of the spinal cord (Fig- 
ures 8C, 8D, 8G, and 8H). In some experiments, ectopic 
rostral expression of Hoxc9 and HoxdO could also be 
detected at cervical levels of the spinal cord (data not 
shown). Ectopic expression of an analogous wild-type 
FGFR1 had no effect on Hox-c pattern (Figures 8I-8L'; 
data not shown). Together, these results support the 
idea that FGF signaling regulates neural Hox-c pattern 
in vivo. 

Discussion 

Hox proteins control many features of vertebrate CNS 
development. In this study, we have examined the sig- 
nals that establish the R-C pattern of Hox-c expression 
in MNs in the developing spinal cord. Our findings indi- 
cate that signals derived from HN initiate the R-C pattern 
of neuronal Hox-c expression, but the final pattern of 
Hox-c expression appears to depend on additional sig- 
nals provided by the paraxial mesoderm (Figure 9). HN 
signals appear to be mediated in large part by FGFs, 



and the graded signaling activity of FGFs appears to 
specify many aspects of the position-dependent profile 
of neuronal Hox-c expression (Figure 9B). However, the 
complete profile of neuronal Hox-c expression at cervi- 
cal levels of the spinal cord requires retinoid signaling 
from cervical level paraxial mesoderm. The profile of 
Hox-c expression at caudal thoracic and rostral lumbar 
levels appears to be refined by the activity of a TGF(J 
family member, Gdf11, expressed selectively at caudal 
levels in HN and the adjacent paraxial mesoderm (Figure 
9). We discuss these findings in the context of the contri- 
butions of patterning signals from axial and paraxial 
mesoderm in specifying the positional identity of MNs. 

Hensen's Node Signaling and the Initiation 
of Hox-c Expression 

Signals from prospective axial mesodermal tissues, HN 
and the primitive streak, appear to induce Hox-c expres- 
sion in MNs in a position-appropriate manner. Thus, 
HN tissue from embryos of progressively older stages 
induces a profile of Hox-c expression characteristic of 
progressively more caudal levels of the spinal cord. 
These findings extend previous observations that HN 
has age-dependent activities in specifying the fate of 
cells at midbrain and hindbrain levels of the neural axis 
(Kintner and Dodd, 1991; Storey et al., 1992). With the 
exception of Hoxc5, Hox-c inductive activity is largely 
confined to HN and the newly formed notochord. 

The profile of Hox-c inductive activity exhibited by HN 
coincides well with the expression pattern of FGF genes, 
notably Fgf8. FGFs act in vitro in a graded manner, with 
higher concentrations of FGFs inducing a progressively 
more caudal profile of neural Hox-c expression. Simi- 
larly, activation of FGF receptor signaling in vivo induces 
a rostral-to-caudal shift in the profile of Hox-c expres- 
sion. We note that in these in vivo studies, not ail ectopic 
Hoxc9 + and Hoxd 0 + cells located in the ventral spinal 
cord expressed MN markers, which may indicate addi- 
tional actions of high level FGF signaling on MN differen- 
tiation. Nevertheless, together these in vitro and in vivo 
findings indicate that graded FGF signals derived from 
HN are likely to initiate the neural pattern of Hox-c ex- 
pression. Such graded signaling could be achieved by 
a stage-dependent increase in the level of FGF signaling 
from HN since the level of FgfB expression in HN appears 
to increase in older embryos. Alternatively, since neural 
cells fated to give rise to progressively more caudal 
regions of the spinal cord are positioned close to HN 
for progressively longer periods, they may be exposed 
to the same level of FGF signaling as cells destined to 
populate more rostral regions of the spinal cord, but for 
a longer period. Recent studies have provided evidence 
that FGF signaling within HN promotes the proliferation 
of prospective neural cells, maintaining a progenitor cell 
population throughout the period of spinal cord elonga- 
tion (Mathis et al., 2001). Thus, FGF signaling within HN 
may coordinate the proliferation and R-C specification 
of spinal progenitor cells. 

The onset of expression of the Hox-c proteins by spi- 
nal MNs occurs after neurons have left the cell cycle, yet 
our findings indicate that patterned Hox-c expression is 
specified at the time of neural plate formation. How is 
the early specification of positional identity linked to the 
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Figure 8. Repatteming of Hox-c Expression by Const itutivety Activated FGFR1 In Vivo 

(A-D) Patterns of ectopic Hoxc9 and HoxdO expression at brachial spinal cord 48 hr after electroporation of constitutively activated FGFR1 
(FGFR1*) (HH stage 20-21). 

{E-H and E'-H*) 72 hr after electroporation of FGFR1 * (HH stage 24-25), the induction of ectopic Hoxc9 and HoxdO and the repression of 
Hoxc6 and Hoxc8 are evident in domains of retroviral expression at brachial levels. Some but not all ectopic Hoxc9 + and Hoxd 0 + cells are 
MNs, as assessed by Isl1 (2) expression. 

(I-L and V-U) No repatteming of Hox-c expression is evident 72 hr after electroporation of wild-type FGFR1. "d" indicates dorsal root ganglia. 
Scale bars: 100 p-m. 



expression of Hox-c proteins in MNs? In Xenopus, the 
FGF-dependent regulation of Hox gene expression in 
mesodermal and neural cells involves Cdx genes (Isaacs 
et al., 1998; Pownall et al., 1996). Different members of 
Cdx gene family appear to be expressed at different R-C 
levels during early stages of chick neural development 
(Marom et al., 1997). Thus, Cdx genes are plausible me- 
diators of FGF signaling in the regulation of Hox-c ex- 
pression within MNs. 

Signals from Paraxial Mesoderm Refine the Initial 
Pattern of Neural Hox-c Expression 
Many aspects of the R-C pattern of Hox-c expression 
in spinal MNs can be accounted for by the action of 
FGFs provided by HN. But three observations indicate 
that additional signals are required to achieve the profile 



of Hox-c expression evident at cervical and lumbar levels. 
First, neither HN nor FGFs induce the neural expression 
of Hoxc5, a Hox-c protein that delineates cervical levels 
of the spinal cord. Second, segments of the thoracic neural 
tube isolated after the influence of HN-derived signals 
exhibit ectopic caudal expression of Hoxc6, suggesting 
that the normal caudal limit of Hoxc6 expression is de- 
fined by signals that act later than those provided by 
HN. Third, HoxdO expression is induced only at very 
high FGF concentrations, suggesting that the acquisi- 
tion of a caudal Hox-c profile requires additional signals. 

One source of these additional signals appears to be 
the paraxial mesoderm. Paraxial mesodermal signals 
refine the R-C pattern of neuronal Hox-c expression 
initiated by FGF signals from the primitive streak and 
HN. Rostral paraxial mesoderm expresses high levels 
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Figure 9. Convergent Signals Establish the Rostrocaudal Pattern of 
Hox-c Expression in Developing Spinal Cord 

(A) Expression domains of Raldh2 t Fgf8, and Gdf11 in 5s-6s and 
14s-15s embryos. 

(B) Summary of combinatorial actions of FGFs, RA, and Gdfll in 
specifying the R-C Hox-c profile in developing spinal cord. Low 
concentrations of FGF induce Hoxc6 and higher concentrations 
induce Hoxc8 and Hoxc9. In the cervical spinal cord, RA induces 
Hoxc5. In rostral brachial levels, RA also upregulates Hoxc6 and 
inhibits Hoxc8 and Hoxc9. At more caudal levels of the spinal cord, 
Gdfl 1 appears to act with FGFs to induce Hoxd 0 and inhibit Hoxc6. 
The restricted distribution of these factors along the R-C axis of the 
embryo appears to establish the patterned expression of Hox-c 
proteins in MNs. 



of retinoid signaling activity (Maden et al., 1998), and 
retinoids rather than FGFs induce the expression of 
Hoxc5 at cervical levels. Retinoid signaling also refines 
the expression pattern of Hox-c proteins whose expres- 
sion is initiated by FGF signals from HN. Retinoid signal- 
ing from rostral paraxial mesoderm therefore appears 
necessary to establish a cervical profile of Hox-c expres- 
sion in MNs. 

Previous studies have implicated early retinoid signal- 
ing in establishing the generic character of the spinal 
cord (Muhr et al., 1999), and later retinoid signaling in 
defining the pattern of Hox gene expression in the devel- 
oping hindbrain (Gavalas and Krumlauf, 2000; Nieder- 
reither et al., 2000). Both activities reveal that retinoids 
can exert a caudalizing influence on neural tissue. Our 
studies invoke a late role for retinoids in establishing 
regional identity within the spinal cord itself. Thus, para- 
xial mesodermal sources of retinoids appear to act at 
sequential developmental stages to impose different 
R-C positional values to cells in the spinal cord and 
hindbrain. In addition, in the context of spinal cord devel- 
opment, they indicate that retinoids impose a rostral 
rather than caudal positional character, and thus, infer- 



ences about rostralizing or caudalizing influences of reti- 
noids depend on the specific domain of the neural axis 
under study. 

Do retinoids have an equivalent role in R-C patterning 
at more caudal levels of the spinal cord? Paraxial meso- 
derm at prospective thoracic levels expresses Raldh2, 
but its onset of expression occurs at a later stage and 
its expression level is lower than that in the cervical level 
mesoderm (Berggren et al., 1999; Niederreither et al., 
1997). By the time of its caudal expression, the initial 
specification of neural Hox-c expression has been es- 
tablished, and there has been a marked decrease in 
the competence of thoracic neural tissue to respond 
to retinoid signaling with changes in Hox-c expression 
(unpublished observations). At these more caudal levels, 
HN and the paraxial mesoderm selectively expresses 
Gdf1 1 , a member of the TGFp family. Gdfl 1 alone ap- 
pears to have little Hox-c-inducing ability, but in con- 
junction with FGF signaling, markedly alters the profile 
of Hox-c expression. The prominent expression of Hoxc9 
and HoxdO normally observed at caudal thoracic and 
rostral lumbar levels of the spinal cord may therefore be 
achieved through the joint exposure of neural cells to FGFs 
and Gdf11. A role for Gdf11 in establishing the lumbar 
character of the paraxial mesoderm has emerged from 
studies of Gdf11 mouse mutants (McPherron et al., 
1999). Our studies reveal a role for Gdf11 in patterning 
the neural tube, independent of its actions on mesoder- 
mal tissues, and raise the possibility that the actions of 
Gdf11 on caudal paraxial mesoderm may also reflect 
the modulation of FGF signaling. 

The involvement of HN signaling in establishing the spi- 
nal Hox-c expression profile may help to explain the results 
of in vivo grafting studies that examined the source of 
signals that define the pattern of Hoxd10 expression 
at the lumbar spinal cord. Here, signals from paraxial 
mesoderm are not sufficient to explain the neural pattern 
of Hoxd10 expression (Lance-Jones et al., 2001). Our 
studies suggest that FGF and Gdfl 1 signals from HN 
may also control Hox-d expression at lumbar levels, 
in a manner similar to their role in patterning Hox-c 
expression. 

Mesodermal Signaling and the Specification 
of MN Subtype Identity 

Our studies also provide additional insights into the con- 
tributions of mesodermal signals to the specification of 
MN subtype identity. Signals from HN and the noto- 
chord, notably Shh and BMP antagonists, have been 
implicated in the D-V patterning events that establish 
the generic identity of MNs (Jesseli, 2000; Liem et al., 
2000; McMahon et al., 1998). Neither Shh nor BMP an- 
tagonists, however, appear to have a role in spinal MN 
subtype specification (Briscoe and Ericson, 2001). In- 
stead, FGFs— a class of signals expressed by HN and 
transiently by the notochord— appear to be involved in 
controlling the subtype identity of spinal MNs. These 
results are consistent with the view that the specification 
of neuronal identity along the D-V and R-C axes of the 
spinal cord is controlled through largely independent 
signaling pathways. FGFs, retinoids, and Gdfs appear to 
alter progenitor cell proliferation in addition to regulating 
the Hox-c expression profile (Mathis et al., 2001 ; Socka- 
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nathan and Jessell, 1 998; this study). As a consequence, 
MN number is altered by manipulations that influence 
neural Hox-c expression. Nevertheless, the change in 
neuronal Hox-c status appears to be achieved indepen- 
dently of controls on MN number. 

Our studies have emphasized the key role of signals 
from the primitive streak and HN in establishing the R-C 
pattern of Hox-c expression. Other aspects of the R-C 
identity of spinal MNs may, however, be controlled by 
signals from the paraxial mesoderm. Specification of 
the LMC columnar subdivision of MNs is controlled by 
signals from limb level paraxial mesoderm that operate 
soon after neural tube closure (Ensini et al., 1 998). Nei- 
ther the patterns of Gdf11 nor retinoid expression at 
these developmental stages readily explain this limb 
level-restricted signaling activity of the paraxial meso- 
derm. It is likely, therefore, that the paraxial mesoderm 
provides an additional signal devoted to the allocation of 
MN columnar identity. Are other features of MN subtype 
identity also controlled by mesodermal signals? Aspects 
of the pool identity of MNs within the LMC, defined by 
the projection pattern of motor axons and by expression 
of ETS genes, can be altered by changing the positional 
relationship between limb levels of the neural tube and 
adjacent paraxial mesoderm (Lin et al., 1998; Matise 
and Lance-Jones, 1996). Since in these studies grafted 
regions of the neural tube are manipulated at early devel- 
opmental stages, it is unclear whether the establishment 
of motor pool identity depends solely on signals from 
paraxial mesoderm, or can be influenced by earlier sig- 
nals from HN. Nevertheless, certain motor pool charac- 
teristics, notably ETS gene expression, are dependent 
on signals encountered by motor axons as they enter 
the lateral plate mesoderm at limb levels (Lin et al., 
1998). Thus, three major mesodermal cell types, axial 
mesoderm, paraxial mesoderm, and lateral plate meso- 
derm, regulate distinct features of the R-C identity of 
spinal MNs, presumably through the provision of diverse 
extrinsic signals. 

Experimental Procedures 

Generation of Anti-Hox-c Antibodies 

cDNAs corresponding to the N-terminai region of Hox-c proteins 
were subcloned into pGexSX vectors. Fusion proteins were purified 
and injected into mice, rabbits, or guinea pigs. 

Cloning of Chick Gdf11 

First strand cDNA was prepared with total RNA isolated from the 
posterior region of HH stage 1 3-1 4 embryos (Hamburger and Hamil- 
ton, 1 951). A ~730 bp cDNA corresponding to amino acids 1 32-383 
(missing aa 21 0-21 7) of human GDF1 1 was generated by PCR using 
GARGARGAYGARTAYCA and CRTTRAARTANAGCATRTT primers. 
This clone shows 99% sequence conservation with human and 
mouse GDF11 . (R = A or G, Y = C or T, N = A or T or C or G.) 

Neural Explant Culture 

Neural explants were isolated from different regions and stages of 
chick embryos. Their fates were determined by Dil labeling (see 
Supplemental Data at http://www.neuron.Org/cgi/content/full/32/6/ 
997/DC1). 

HN tissue (all three germ layers) including rostral primitive streak 
was isolated from 5s-6s and 1 0s-1 1 s quail embryos. Tail bud tissues 
(all three germ layers) were isolated from 14s-15s and 1 9s-20s quail 
embryos. Cervical level mesoderm tissue was isolated from regions 
anterior to HN in 5s-6s quail embryos (for conjugation with N^, or 
from regions posterior to the somites in 14s-15s quail embryos 



(for conjugates with N„). Thoracic level mesoderm and notochord 
tissues were isolated from regions anterior to HN (tail bud) in 1 4s-1 5s 
quail embryos. Tissues were cultured in serum-free medium in a 
collagen gel matrix (Liu and Jessell, 1 998). 

In Ovo Electroporation 

RIS plasmids encoding replication in competent retroviruses that 
contain constitutively active FGFR1 (FGFR1 *, RIS1 74HA) and control 
wild-type FGFR1 (RIS172HA) genes were generated using myristy- 
lated, cytoplasmic forms of the FGFR1 gene (Hart et al., 2000) into 
which an HA epitope tag was inserted. DNA(5 ^g/jxl) was electropor- 
ated into the neural tube in ovo using five pulses at 30 V; 50 ms. 
Embryos were analyzed at 48 hr (HH stage 20-21) or 72 hr (HH stage 
24-25). The AMV-3C2 viral gag antibody made by D. Boettiger was 
obtained from the Developmental Studies Hybridoma Bank. 

Preparation of Secreted Factors 

Heparin beads (Sigma) were soaked with 11-100 iig/ml FGF8b (R&D 
system) (Storey et al., 1998) and conjugated with neural explants. 
FGF2 (Life Technologies), SU5402 (Calbiochem), Gdf8 (provided by 
S-J Lee), all-trans retinoic acid (Sigma), all-trans retinol (Sigma), 
LG100815, and LG1 00849 (Ligand Pharmaceuticals, provided by S. 
Sockanathan) were added at concentrations indicated. 

pCI-neo (Promega) plasmids containing human GDF11 and IRES- 
eGFP, or BMP2 pro-region with GDF1 1 mature region and IRES- 
eGFP, were transfected into HEK293 cells, selected with 1 .5 mg/ml 
G418, and FACS sorted for GFP expression. Sorted cells were then 
transfected with an SPC1 expression plasmid (Constam and Robert- 
son, 1999) to enhance processing to the mature GDF11 protein. 
After 24 hr, aggregates of 500-1 000 cells were prepared in 20 jtl 
hanging drops and conjugated with neural explants. 

Immmunohistochemistry and Cell Counting 

Explant tissues in collagen matrix were fixed and prepared for cryo- 

section (Liu and Jessell, 1 998). Details of antisera and immunohisto- 

chemical procedures are available as Supplemental Data on Neuron 

website. 
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It is roughly a decade since transforming growth factor p 
(TGF-p) first captured the attention of biologists. During 
this time, a large family of polypeptides related to TGF-{3 
has been found, whose members all have wide-ranging 
effects on cell proliferation, differentiation, and organiza- 
tion (Figure 1; reviewed in Roberts and Sporn, 1990). 
These remarkably versatile factors act through mecha- 
nisms that remain an enigma, a fact that will change now 
that some of their receptors have been cloned. Although 
the receptor system that is emerging is not simple, and 
understanding its operation in detail will take considerable 
effort, the new vistas afforded by recent findings are wor- 
thy of commentary. 

Many Binding Proteins: Are They All Receptors? 
Membrane receptor labeling assays in a variety of cells 
have visualized up to nine distinct proteins that bind TGF-p 
(Figure 2). With binding constants below the nanomolar 
range, all these proteins seem to be important intermediar- 
ies between cells and TGF-p. The questions are, which of 
these proteins are signaling; receptors, and what is the 
function of the others? 

A partial answer comes from a set of chemically induced 
lung epithelial cell mutants that are insensitive to TGF-p 
(Laiho et al., 1991). Many of these mutants, all isolated by 
being resistant to growth inhibition by TGF-p, have lost the 
ability to bind TGF-p through receptors I and II. These 
glycoproteins of 53 kd and 75 kd, respectively, are present 
in essentially all noritransformed cells. The TGF-p-binding 
proteoglycan betaglycan (also known as receptor III), 
which is also. widely distributed, is not lost in any of these 
mutants. Mutants that fail to bind TGF-p via receptors I 
and II lack not only the growth inhibitory response but 
also the gene responses typically induced by TGF-p. In 
addition, receptors I and II are the only TGF-P-binding pro- 
teins expressed in some responsive cell types. These ob- 
servations suggest that receptors I and II may mediate 
multiple TGF-p effects and that betaglycan might be dis- 
pensable for responsiveness to this factor. 

TGF-p receptors I and II can coexist with other TGF-p- 
binding proteins besides betaglycan. Vascular endothelial 
cells that lack betaglycan express a disurfide-linked dimer 
of 95 kd subunits that binds TGF-P1 but not TGF-p2. In 
certain cells, three proteins that are attached to the cell 
membrane via phospholipid anchors also bind either 
TGF-p 1 or P2. A large (>400 kd) cell surface TGF-P- 
binding protein has been isolated from bovine liver. A 64 
kd protein seen only in rat pituitary cells is unique in that 
it binds TGF-P, activin, and inhibin. None of these TGF-p- 
binding proteins is known to function as a signaling recep- 
tor, which at the moment renders questionable the numeri- 



cal receptor nomenclature (e.g., betaglycan as TGF-p 
receptor III). 

The members of the TGF-p family may signal through 
families of related receptors. In fact, activin A and BMP-4 
bind to membrane proteins that are similar in size to TGF-p 
receptors I and II. Direct evidence, however, comes from 
the recent cloning of type II receptors for activin and 
TGF-p, as well as receptors for yet unknown ligands. 
These receptors form a family of transmembrane protein 
serine/threonine kinases. 
Type II Receptors: A Serine/Threonine 
Kinase Receptor Family 

The first member of this family identified in animal cells is 
Caenorhabditis elegans daf-1, a gene required for forma- 
tion of a dauer larva (which is resistant to environmental 
stress) in response to nutrient limitation. Although the 
Daf-1 ligand has not been identified, it might be encoded 
by daf-8 or daf- 1 4 , two genes upstream of daf- 1 in the same 
pathway (Georgi et al., 1990). Other cloned members of 
this family include the human type II TGF-p receptor (TpR- 
II; Lin et al., 1 992) and two mouse type II activin receptors, 
ActR-ll (Mathews and Vale, 1991) and ActR-IIB (Attisano 
et al., 1992). ActR-ll and TPR-II have been isolated by 
expression cloning in mammalian cells. ActR-IIB was iden- 
tified on the basis of its homology to ActR-ll and daf-1. 

The ectodomain of these receptors is small— roughly 
half the size of the ligands— and rich in cysteine (Figure 
3). The TGF-P, activin, and Daf-1 receptors show limited 
ectodomain sequence similarity (e.g., see Lin et al., 1 992). 
This contrasts with the similarity between activins and 
TGF-ps, including conservation of their nine cysteines. 

The cytoplasmic region comprises primarily the kinase 
domain, in which the highest level of similarity is observed 
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Growth inhibition. Immunosuppression. 
Control of differentiation. Chemotaxis. 
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Figure 1 . The TGF-p Supertamily and Some Representative Activities 
The hypothetical relationship dendrogram (Geneworks, Intelligent 
tics) is based on the protein sequence of the bioactive domains of 
these factors. All factors are human except as indicated: c, chicken; 
X. Xenopus; and D, Drosophita. All factors act as dinners. Activins are 
dimers of 0A and/or 0B chains, and inhibins are dimers of one a chain 
and one PA or pB chain. 
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among family members. Its sequence fits better the serine/ 
threonine kinase consensus than the tyrosine kinase con- 
sensus. Bacterially expressed TpR-ll cytoplasmic region 
does show serine/threonine autophosphorylating activity 
(Lin et al., 1992). Neither ligand-induced activation of the 
kinase nor kinase activity toward exogenous substrates 
have yet been described. A distinguishing feature of the 
kinase domains of type II receptors is the presence of 
two short inserts. Mutation of a conserved proline in the 
second insert disrupts the function of da/- 7 (Georgi et al., 
1 990). The kinase domain is followed by a short C-terminal 
tail thaf contains potential phosphorylation sites. 

A given ligand may interact with various receptor iso- 
forms, as in the case of activin. The repertoire of activin 
receptors includes five protein isoforms derived from two 
genes (ActR-II and ActR-IIB). Four isoforms are generated 

ActR-II ActR-IIB TBR-II Daf-1 
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Figure 3. The Protein Serine/Threonine wnas** neceptor Family 
The percent similarity between the ectodomain of each receptor and 
that of Act-RII as well as the similarity for the the kinase domain are 
indicated to the right of each domain. Numbers in parentheses, the 
number of amino acids in the domains; numbers below each receptor, 
the total number of amino acids; bars, cysteine residues; pins, potential 
N-glycosytation sites. 
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by alternative splicing of short sequences flanking the 
transmembrane domain in ActR-IIB. Isoforms that retain 
the external juxtamembrane segment show the highest 
affinity for activin (Attisano et al., 1992). This receptor di- 
versity amplifies the regulatory potential of the system. 

Protein serine/threonine kinases are, therefore, likely to 
be used by TGF-p family members to signal their many 
actions. These receptors represent a novel class of trans- 
membrane signaling molecules. Many cytoplasmic and 
nuclear serine/threonine kinases have been character- 
ized, and tyrosine kinases are common among mitogen 
receptors; however, the type II receptors are novel in ani- 
mal cells as transmembrane serine/threonine kinases. It 
will be important to identify the relevant substrates for 
these kinases and to confirm that the kinase activity is 
indeed toward serine and threonine and required for cell 
stimulation through these receptors. Further, it will be im- 
portant to determine whether type II receptors can signal 
alone or as part of a signaling receptor complex. 
A Signaling Receptor Complex? 
By analogy with the receptor tyrosine kinases (Ullrich and 
Schlessinger, 1 990), ligand-induced dimerization may suf- 
fice to activate the serine/threonine kinase receptors. Re- 
ceptor dimerization ought to be facilitated by the fact that 
TGF-(J and related factors are themselves dimers. With a 
functional binding site in the ectodomain and an enzymatic 
device in the cytoplasmic domain, the type II receptors 
might not need any other subunit to initiate a response. 
Indeed, injection of cDNAs encoding ActR-II or ActR-IIB 
increases the responsiveness of Xenopus embryo ex- 
plants to activin (Kondo et al., 1991 ; Mathews et al., 1992). 
Introduction of receptor serine/threonine kinases into cells 
that lack other binding proteins might be sufficient to con- 
fer responsiveness to the corresponding factors. 

Things may not be quite this simple, though. In at least 
some cell types, expression of receptor II alone may not 
be sufficient for TGF-p responsiveness. Some of the cell 
mutants resistant to TGF-p show normal binding of TGF-P 
to receptor II but have lost binding to receptor I (Laiho et 
al., 1991). These cells are as resistant to TGF-f* action as 
receptor ll-defective cells. Further, mutants defective only 
in receptor I belong to complementation group distinct 
from mutants defective in both receptors. Cell hybrids be- 
tween the two rescue expression of functional receptor I 
and full responsiveness to TGF-p. This suggests that 
TGF-0 binding to receptor II might be needed for binding 
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to receptor I, both receptor components then cooperating 
to initiate a productive signal. However, no physical asso- 
ciation between receptors I and II has yet been reported, 
and this model has been challenged (Geiser et al., 1992) 
on the basis that some human carcinoma cell lines with 
low levels of receptor II show still receptor I and gene 
responses to TGF : 0. This model can now be tested with 
the cloned T0R-1I. 

If receptor I proves to be important for TGF-0 signaling, 
what might its function be? Several possibilities can be 
envisaged. Receptor I could be a modulator of ligand bind- 
ing, a subunit needed to activate the kinase, or a modifier 
or amplifier of the kinase signal. Alternatively, it could con- 
stitute either a site for docking and presentation of sub- 
strates to the kinase or an independent signaling mole- 
cule. Further definition of this protein on a molecular level 
seems important. 

The Conflict between Receptor Affinity 
and Biopotency of TGF-p Isoforms 
There seems to be pressure to retain certain functional 
differences between TGF-01, TGF-02, and TGF-03. How- 
ever modest, the structural differences between these iso- 
forms are strictly conserved throughout evolution (re- 
viewed in Roberts and Sporn, 1990). Receptors I and II 
can indeed discriminate between them; overall, they bind 
TGF-01 and TGF-03 better than they bind TGF-02. Yet, in 
many assays, all three TGF-0 isoforms paradoxically show 
similar potency, which on the surface correlates well with 
the relative ability of these isoforms to bind to betaglycan. 

Pointing to a possible resolution of this conflict, it has 
been observed that, whereas a large fraction of receptors 
I and II has high affinity for TGF-01 and TGF-03 but not for 
TGF-02, a smaller fraction of receptors displays high affin- 
ity for all three TGF-0S (Cheifetz et al., 1990). What makes 
this receptor subset different from the rest is not known, 
but most cells in culture seem to express sufficient levels 
of it to ensure high sensitivity to all three TGF-0S. However, 
in certain vascular endothelial cells and hematopoietic 
progenitor cells, TGF-02 can indeed be much weaker than 
TGF-01 or 03 as a growth inhibitor. Interestingly, these two 
cell types have little or no betaglycan. Might betaglycan or 
some of the other TGF-0-binding proteins modulate the 
relative ligand isoform affinity of the signaling receptors? 
Receptor Accessories: Betaglycan and Others 
Betaglycan is the most widely distributed TGF-0-binding 
protein after receptors I and II (Wang et al., 1991; Lbpez- 
Casillas et al., 1991, and references therein). Betaglycan 
is a membrane-anchored proteoglycan that binds TGF-0 
via the core protein. In most cell lines, the glycosaminogly- 
can chains of betaglycan are a mix of heparan sulfate 
and chondroitin sulfate (Segarini and Seyedin, 1988). The 
giycosaminoglycan chains are dispensable for cell surface 
expression of betaglycan or for TGF-0 binding to it. How- 
ever, the heparan sulfate chains can bind fibroblast growth 
factor (Andres and Massague, 1992). Thus, betaglycan 
might function as a receptor accessory molecule in both 
the TGF-0 and FGF systems. 

Betaglycan is an 853 aa protein with a remarkable mo- 
saic structure (Wang et al., 1991; Lbpez-Casillas et al., 
1991). The extracellular region has two cysteine-con- 



taining domains separated by a spacer region. The trans- 
membrane and short cytoplasmic region are highly (63%) 
identical to the corresponding regions of endoglin, a 
disulfide-linked dimer of 95 kd subunits expressed in vas- 
cular endothelium that is of unknown function (Gougos 
and Letarte, 1990). A weaker similarity to endoglin is de- 
tected in the ectodomain of betaglycan, particularly within 
the first cysteine domain. The second cysteine domain of 
betaglycan shows similarity to various membrane- 
associated proteins of diverse function (Bork and Sander, 
1992). These include the sperm receptors ZP2 and ZP3, 
uromodulin (a kidney-derived urinary protein), and the ma- 
jor pancreatic secretory granule membrane protein GP-2. 
The significance of this similarity is not known. 

The absence of a discernable signaling device in the 
cytoplasmic domain of betaglycan as well as what is 
known about its biology do not suggest a direct role in 
TGF-0 signaling. That its ectodomain is cleaved and re- 
leased into the medium supports the notion that betagly- 
can might act as a pericellular regulator of TGF-0 access 
to the cell (Lbpez-Casillas et al., 1991). Betaglycan might, 
for example, bind TGF-0 surplus in the pericellular environ- 
ment for presentation to the signaling receptors, thus act- 
ing as a reservoir or capacitor for this receptor system. 
Consistent with this view, betaglycan overexpression ap- 
pears to enhance TGF-01 binding to receptor II (Wang et 
al., 1991). It would still be premature, however, to discard 
the possibility of a more direct interaction between betagly- 
can and the signaling TGF-0 receptors. These considera- 
tions also apply to the other TGF-0-binding proteins. 
Links to Tumor Suppressor Genes 
A fascinating aspect of the biology of TGF-0S is their ability 
to inhibit cell proliferation (Moses et al., 1 990). TGF-0 oper- 
ates through a signaling system that can override the 
action of mitogens. This raises the question of whether 
disruption of this system leads to unconstrained ceil pro- 
liferation and progression towards malignancy. That is, do 
the genes encoding the components of this system —the 
TGF-0 receptors and signal translators— belong to the 
class known as tumor suppressor genes (Weinberg, 
1991)? The converse question is also raised: do any of 
the known tumor suppressor gene products participate in 
TGF-0 signaling? The answers could well be affirmative. 
Certain tumor cell lines lack TGF-0 receptors, a condition 
not seen in nontransformed cells (Kimchi et al., 1988). 
There are still few known cases of complete TGF-0 recep- 
tor loss, and no causal link has yet been proven between 
this anomaly and tumor progression. But this may change 
as more probes to detect receptor defects become 
available. 

TGF-0 is a part-time growth inhibitor. In some cases, 
TGF-0 may even facilitate cell growth by inducing expres- 
sion of autocrine mitogens, or by inducing production of 
extracellular matrices that support cell proliferation (Mo- 
ses et al. , 1 990). Therefore, not every piece of its signaling 
system may be regarded as a potential tumor suppressor 
gene product. Some TGF-0 receptor forms might be better 
equipped than others to signal growth inhibition. It is not 
clear, however, that growth inhibition is specified by TGF-0 
receptors that are distinct from those that specify other 
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responses. On the contrary, loss of growth inhibition by 
TGF-0 can be accompanied by loss of other responses 
such as control of extracellular matrix production (Laiho et 
al., 1991). The circuitry that couples TGF-p receptor sig- 
nals to negative regulators of cell cycle might be the main 
determinant of growth inhibitory responsiveness to this 
factor. 

This circuitry may involve tumor suppressor gene prod- 
ucts, such as the retinoblastoma susceptibility gene prod- 
uct, RB. RB is thought to act as an impediment to cell 
cycle progression through the late portion of G1 , unless it 
becomes phosphorylated in middle G1 . TGF-p prevents 
RB phosphorylation in cells whose growth is inhibited by 
TGF-p (Laiho et al., 1990). Other evidence implicates RB 
in the shutdown of the c-myc gene by TGF-p; in this case, 
cells are deprived of c-myc protein, which is required for 
the completion of G1 (Pietenpol et al., 1990). The mecha- 
nistic details of these responses are still unclear, but these 
findings illustrate how an antimitogen may engage the ser- 
vices of a tumor suppressor gene product in order to inhibit 
cell growth. 

The progress reviewed here is helping to understand the 
process of cell stimulation by the TGF-p family and brings 
closer the possibility of manipulating this process for thera- 
peutic purposes. Some of the interesting questions men- 
tioned here will soon be addressed. As is often the case 
when enigmas are about to unravel, we. may anticipate 
quite a few unexpected answers. 
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